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Electron holography of core-shell Co/CoO spherical nanocrystals
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Phase profiles of core-shell Co/CoO nanocrystals are imaged using off-axis electron holography.
Contributions of mean inner potential and magnetic induction to the phase shift are extracted,
respectively, to quantitatively characterize the nanocrystal geometry and magnetic spin arrangement
in a self-assembled nanocrystal chain. It is also found that the spin of 11 nm diameter Co core
encapsulated with 5-nm-thick CoO shell remains stable even at an elevated temperature of 200 °C,
indicating that the magnetically thermal stability of cobalt nanocrystals is remarkably improved due
to the exchange coupling between the ferromagnetic core and antiferromagnetic shell. © 2007

American Institute of Physics. [DOI: 10.1063/1.2747052]

Core-shell magnetic nanocrystal (CsMN) is a hetero-
structure in which a magnetic core is encapsulated with a
shell of different composition.l_4 The shell selected from
many  alternatives, such as ferr0/ferrimagnetic,5’6
antiferromagnetic,7 or nonmagnetic materials,*” can readily
tailor the surface properties of the nanocrystal and improve
the overall physical and chemical properties of the core-shell
structure. It has recently been shown that the thermal stabil-
ity of a ferromagnetic (FM) core can be improved by an
antiferromagnetic (AFM) coating layer due to the fact that
the exchange coupling between them results in a large effec-
tive anisotropy energy K V,” where K and V are the effective
anisotropic constant and the volume of the core, respectively.
With an optimum interface between the FM core and the
AFM shell, the exchange coupling could lead to magneti-
cally stable nanocrystals only a few nanometers in diameter.
Thus, recording byte size in the media of such nanocrystals
could be decreased by several orders, and the storage goal of
1 Tbyte/in.> would be easily achieved.'” The CsMNs are
promising building blocks for the bottom-up synthesis of
nanostructured materials and devices with novel functions
for ultrahigh-density magnetic storage, spintronics, and bio-
medical applications. Such application requires not only ad-
vances in the synthesis of CsMNs but also the development
of sophisticated methods of characterizing the magnetic
structure, especially to understand the self-assembling be-
havior and the bulk magnetic properties of CsMN arrays. In
this letter, we use off-axis electron holography in the trans-
mission electron microscope (TEM), a technique that pro-
vides high-resolution information about materials and ana-
lyze local magnetic and electric nanofields, to record phase
shift of a high-energy electron wave that has passed through
Co/CoO core-shell nanocrystals. The core-shell nanocrystal
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geometry and spin arrangement in a self-assembled nano-
crystal chain are quantitatively characterized with the phase
shift profiles.

CsMN of Co/CoO was synthesized utilizing a procedure
similar to the one reported elsewhere.'"'?  1.58 mmol
(0.54 g) of cobalt carbonyl was dissolved in 3 ml of 1,2-
diclrorobenzene (DCB), forming a precursor stock solution.
The stock solution was then injected into preheated DCB
(180 °C) solution containing a mixture of 0.26 mmol (0.1 g)
of tri-n-octylphosphine oxide (TOPO) and refluxed for 1 h.
The whole procedure was carried out in an inert atmosphere.
20 nm nanocrystals with a narrow size distribution (standard
deviation <5%) were obtained by controlling the reaction
time. A CoO layer was subsequently formed over time once
the nanoparticle solution was exposed to air, due to the fact
that the bulky tails of the TOPO coatings allowed easy pen-
etration of oxygen.12 The partially oxidized cobalt nanopar-
ticle was finally deposited onto amorphous carbon-coated
copper TEM grids by a gradient evaporation process.m’14

FIG. 1. High-resolution TEM image (a) indicates the core-shell Co/CoO
microstructure, in which the nanocrystal observed is arrowed in (b). TEM
image (b) shows Co/CoO nanocrystal chains self-assembled by magnetic
dipolar interaction. It is found that the core of &-Co is about 10 nm in
diameter and the oxygen-rich shell is about 5 nm in thickness.
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FIG. 2. (Color online) Reconstructed phase image of the electron hologra-
phy carried out at room temperature at an accelerating voltage of 200 kV
with a JEM 3000F field-emission-gun TEM, which is equipped with a spe-
cial pole piece to shield the sample from the field of the objective lens. A
positive voltage of 40 V is applied to an electrostatic biprism wire. The
arrowed nanocrystal is analyzed in Fig. 3.

High-resolution TEM (HRTEM) clearly indicates the
core-shell structure of the Co/CoO particles [see Fig. 1(a)].
It is found that the spherical core is perfectly crystallized and
indexed as e-Co, a metastable cubic structure isomorphous
with B-Mn.15 An elemental map obtained by energy-filtered
TEM analysis reveals that the oxygen-rich shell is about
5 nm in thickness. The above dispersion condition produces
self-assembled nanocrystal chains with an average interpar-
ticle distance of 4 nm [Fig. 1(b)], which results from the
balance of competing weak interactions including the inter-
particle magnetostatic dipolar interactions, the van der Waals
attraction, and the steric repulsive force of the surfactant.
The formation of the chains also indicates that the magnetic
spins of these core-shell nanoparticles are blocked in the di-
rection of the effective easy axis, even though the cobalt core
is less than 12 nm, and just below the characteristic size for
superparamagnetic behavior, according to the HRTEM im-
age. The direct observation of the distribution of spins in a
Co/CoO nanoparticle chains by off-axis electron holography
is reported in this letter. This technique has been used to
visualize magnetic flux  with nanometer spatial
resolution.'®'®

The electron holography was carried out at an accelerat-
ing voltage of 200 kV with a JEM 3000F field-emission-gun
TEM, which was equipped with a special pole piece to shield
the sample from the magnetic field of the objective lens.
Such pole piece reduced the lens field to about 0.6 mT al-
though the objective lens was turned on to improve the reso-
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lution (~2 nm). Thus, the effect of the background on the
accuracy of observation data can be neglected in this experi-
ment. A positive voltage of 40 V was applied to an electro-
static biprism wire in order to overlap the object electron
wave with the reference wave. The phase shift arises from
both the mean inner potential (¢yyp) and from the magnetic
induction (¢,,) of Co/CoO nanocrystals, and is given by
the following expression.l

21
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where B, is in-plane component of the magnetic induction, z
is the incident electron beam direction, U is the TEM accel-
erating voltage, \ is the wavelength, and v and ¢ are electron
and light velocities. The first term ¢yyp is proportional to the
specimen thickness, portraying the nanocrystal geometry in
the electron beam direction. The second term ¢y, is propor-
tional to the in-plane component of the magnetic induction
B, integrated in the electron beam direction. Its reconstructed
phase image provides a quantitative measure of the strength
and the direction of the local magnetic flux density. In the
present study ¢ygp and ¢y, are, respectively, extracted from
the total phase shift ¢, in order to quantatively analyze the
Co/CoO nanocrystals.

Reconstructed phase image of ¢p,,, is shown in Fig. 2,
which was obtained only from the magnetic contribution to
the phase shift when the nanocrystals were observed at the
magnetic remanent state. Continuous contours running
through the whole particle chain are observed, suggesting
that the nanocrystal spins are aligned head to tail along the
chain direction. This is one possible ground state for the
arrangement of MNs dominated by magnetic dipolar interac-
tions. The curved chain is likely the result of magnetic dipo-
lar interaction influenced by a collective Brownian move-
ment in solution and/or additional shear forces during the

¢t0tal(x’y) = j V(x,y,Z)dZ
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FIG. 3. (Color online) (a) Recon-
structed phase image of the nanocrys-
tal arrowed in Fig. 2. Profiles of the
total phase shift ¢, (b), the contribu-
tion of the mean inner potential ¢yyp
(c), and the contribution of the mag-
netic induction (d) ¢y,, are plotted
against position along MN cross the

nanocrystal, as shown in (a). ¢y is
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which are saturated along the left-to-
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spectively. It is found that the diameter
of the cobalt core and the thickness of
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the CoO shell are 11.2 and 4.9 nm.
The mean inner potential of Co core is
estimated at 18.7 V, while that of CoO
shell is about 16.1 V. The red solid
curve in ¢yp is the theoretical fit
curve.
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drying process. The shape and the density of the magnetic
contours remained stable even when the specimen was
heated in situ up to 200 °C. This observation indicates that
the effective anisotropy energy KV of Co/CoO particles is
much higher than the energy of thermal activation kz7. An
increase in the effective anisotropy energy from the ex-
change coupling between the core and shell in such
FM_..AFMg,.; has been also reported in Ref. 6. According
to Eq. (1), ¢wp and ¢y, can be obtained by half of the sum
and half of the difference of the phase images observed with
the nanocrystal magnetized in opposite directions. The phase
shifts of Pyopa, Guirps and Py, are plotted against the position
along MN in Fig. 3(a) [see Figs. 3(b)-3(d)]. It is found that
the magnetic contribution of the core lead to an asymmetry
in the profile of the total phase shift ¢,. It is estimated
from Figs. 3(c) and 3(d) that maximum phase shifts induced
by the mean potential and the magnetic induction are 2.67
and 0.25 rad, and the diameter of the cobalt core and the
thickness of the CoO shell are about 11.2 and 4.9 nm, re-
spectively. It is also evaluated that the mean inner potential
of Co core is about 18.7 V with an assumption of BSO
=1.7 Tesla, while that of CoO shell is about 16.1 V. The
tails appearing on both sides of ¢yp curve come from the
surfactants on the particle surfaces. A decrease in the modu-
lus of ¢y, measured out of the core, as shown in Fig. 3(d),
results from a magnetic flux leakage.

The geometry of core-shell Co/CoO nanocrystal and the
spin arrangement have been investigated by electron holog-
raphy. It has been found that the CsMN consists of a 11 nm
diameter e-Co core and a 5-nm-thick CoO shell. The mean
inner potentials of Co core and CoO shell have been evalu-
ated at 18.7 and 16.1 V, respectively. It has also been found
that the thermal stability of the 11.2 nm Co FM core is im-
proved by the CoO AFM shell due to the exchange coupling
between them.
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