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ABSTRACT
We use off-axis electron holography in the transmission electron microscope (TEM) to
study magnetic flux closure (FC) states in self-assembled nanoparticle rings that each contain
between five and eleven 25-nm-diameter Co crystals. Electron holograms are acquired at room
temperature in zero-field conditions after applying chosen magnetic fields to the samples in situ
in the TEM by partially exciting the conventional microscope objective lens. Mean inner
potential contributions to the phase shift are determined by turning the samples over, and
subsequently subtracted from each recorded phase image to obtain magnetic induction maps. Our
results show that most nanoparticle rings form FC remanent magnetic states, and occasionally
onion-like states. Although the chiralities (the directions of magnetization) of the FC states are
determined by the shapes, sizes and positions of the constituent nanoparticles, reproducible
magnetization reversal of each ring can be achieved by using an out-of-plane magnetic field of
between 1600 and 2500 Oe.

INTRODUCTION
A full understanding of the magnetic properties of small ferromagnetic elements is
important for the development of high-density magnetic information storage and random access
memory applications. Nanoscale ring-shaped elements are of particular interest because they can
support flux-closed (FC) magnetic vortex states that would not be stable in disk-shaped elements
of similar size [1]. Both FC and onion-like magnetic states have recently been observed at
remanence in Co rings [2-4], with FC states favored over onion-like states at lower diameters and
larger thicknesses for diameters of 300-800 nm and thicknesses of 10-50 nm [5]. The magnetic
states that can be supported in nanoparticle assemblies [6] depend strongly on the sizes, shapes
and positions of the particles [7]. Tripp et al. [8] used off-axis electron holography in the
transmission electron microscope (TEM) to show that FC states can be supported in selfassembled rings of 25-nm-diameter Co nanoparticles.

Here, we use electron holography to study the magnetic states and magnetization reversal
behaviors of rings of self-assembled Co nanoparticles that contain between five and eleven
crystals, following the application of out-of-plane (OOP) magnetic fields.

EXPERIMENTAL DETAILS
Cobalt nanoparticles with diameters of 25-30 nm were dispersed in a toluene solution
containing C11 resorcinarene [9] and deposited directly onto continuous or holey carbon TEM
grids (Fig. 1). A significant fraction of the nanoparticles self-assembled into rings of 4-10
particles, while others formed chains and close-packed aggregates. TEM studies were performed
at 300 kV using a Philips CM300ST field emission gun TEM equipped with an electron biprism
and a Lorentz minilens. Off-axis electron holograms were acquired in zero-field conditions using
a biprism voltage of 200 V and a holographic interference fringe spacing of 5.7 pixels = 3.0 nm.
Vacuum (reference) holograms were used to remove distortions associated with the imaging and
recording system of the microscope.

Figure 1. Low-magnification bright-field image of self-assembled Co nanoparticle rings, chains
and close-packed aggregates deposited onto an amorphous carbon film.

RESULTS AND DISCUSSION
Compositional and crystallographic characterization
A bright-field (BF) image of a representative ring containing six Co nanoparticles is
shown in Figure 2a, alongside corresponding three-window background-subtracted elemental
maps for C, O and Co. There is a thin C-rich shell around each particle, which is related to the
residue from the surfactant used for nanoparticle dispersion. The thicker and less distinct O-rich
shell around each crystal is associated in part with the residue of the surfactant and in part with
the presence of ~3 nm of CoO (identified using electron diffraction and high-resolution TEM).

The core of each particle is formed from small hexagonal close-packed (hcp) single crystals of
Co, which are oriented randomly with respect to each other (Figs. 2b and c). There is no welldefined crystallographic relationship between neighboring particles.

Figure 2. (a) Bright-field image of a ring containing six Co nanoparticles and corresponding
three-window background-subtracted elemental maps for C, O and Co. (b) High-resolution TEM
image of the edge of a Co particle. The lattice fringes in box 1 are consistent with the presence of
CoO. The lattice fringes (with spacings of 0.20 nm) in boxes 2 and 3 and Moiré patterns suggest
that the particles is formed from several Co crystals with different orientations. (c) Dark-field
image confirming the presence of different crystallographic orientations in each nanoparticle.

Experimental procedure used to obtain magnetic induction maps
In order to investigate the magnetization reversal behavior of the rings, OOP fields were
applied to the specimen in situ in the TEM by partially exciting the conventional microscope
objective lens. First, an OOP field of +20,000 Oe was applied perpendicular to the plane of the
specimen and reduced to zero. Second, the sample was taken out of the TEM, turned over and
put back into the microscope. Third, a sequence of chosen OOP fields of up to -20,000 Oe was
applied to the specimen in the TEM. The applied field was always reduced to zero before
acquiring holograms.
Figure 3 illustrates the experimental procedure used to obtain magnetic induction maps.
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 (Fig. 3a) [10].
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
could be subtracted from all subsequent phase images acquired from the same region of the
specimen (Fig. 3b). Phase contours and colors were used to form the final induction maps. A

degree of smoothing of the phase images was used to remove statistical noise and artifacts
resulting from misalignment of the pairs of phase images.

Figure 3. (a) Experimental procedure used to obtain (a) MIP contributions to the phase shift, and
(b) magnetic phase images and final induction maps. The induction map shown in (b) has a
phase amplification of 96. The color wheel shows the direction of the measured projected
induction in the crystals.

Magnetic induction maps measured using electron holography
Figure 4 shows a sequence of experimental magnetic induction maps, acquired from
seven Co nanoparticle rings following the application of OOP fields of different magnitude. The
measured mean induction in the individual particles is ~1.6 T. Although many of the rings
exhibit FC states, some of the rings (e.g., 2, 5 and 7) show onion-like states, which were
previously thought to be less favored in nanoscale ring geometries [5]. A statistical examination
of the experimental magnetic states indicates that the ratio of clockwise to counterclockwise
states is approximately 50:50 at remanence [8]. In ring 2, an onion-like state is observed to
change to a FC state at a low value of the applied OOP field. Onion-like states are also observed
close to the coercivity of remanence (see, e.g., ring 5). Unusually, ring 3 does not reverse even
following the application of a -20,000 Oe field. Additional particles close to the rings may
stabilize onion-like or non-FC states (see, e.g., ring 7). The observed reversal behavior is highly
reproducible, with the coercivity of remanence measured to be between 1600 and 2500 Oe.

Figure 4. Magnetic induction maps acquired from seven Co nanoparticle rings following the
application of OOP fields of different magnitude. The phase amplification is 96. The red boxes
show the lowest applied fields at which the rings were seen to have reversed. The blue boxes
show FC states that transformed from onion-like states, which are marked in yellow.

CONCLUSIONS
Off-axis electron holography has been used to study the magnetization reversal behavior
of individual nanoparticle rings that are formed from 25-nm-diameter Co particles. Both flux
closure and onion-like magnetic states are observed at remanence. Although the chiralities of the
magnetic states in the individual nanoparticle rings are determined by the shapes, sizes and
positions of the constituent nanoparticles, it has been shown that they can be reversed
reproducibly in the TEM by using out-of-plane magnetic fields. The measured values of the
coercivity of remanence are between 1600 and 2500 Oe.
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