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Spiral Spin Order of Self-Assembled Co Nanodisk Arrays
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Spin order in hexagonal close packed cobalt nanodisk rows is quantitatively determined by off-axis
electron holography. Periodic variation in the density of the local magnetic flux shows features of a spiral
spin arrangement along the row axis, resulting from a tilted magnetic moment of nanoparticles with

respect to the nanodisk axis.
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Magnetic nanocrystals (MNCs) display novel electronic,
magnetic, optical, and structural properties attributed to
their small size and large fraction of surface atoms. Rapid
and continuous progress in research in this field is expected
to produce an entire generation of new devices of funda-
mental interest and potential technological applications in
a variety of fields, ranging from biomedical research to
information technology [1-5]. In addition to the tiny vol-
ume, the geometric order and specific functions of such
devices can be reproduced, and their properties can be
controlled at the nanometer scale by self-assembly of the
nanocrystals. The self-assembling behaviors of MNCs are
governed mainly by four energy contributions, given by:

E= Z(Eif +EJ + E)) + S Ej. (1)

ij

E/ is the energy of repulsive force among MNCs caused by
the organic surfactant, which is a necessary requirement to
prevent crystals from aggregation and retain long term
stability for their colloidal dispersions. E3 is the energy
of van der Waals attraction. Both of them are functions of
the number and the distance of the nearest neighbors; i.e.,
they are short-ranged. Balance between the repulsive force
and the van der Waals attraction tends to produce two- and
three-dimensional periodic self-organization [6-8]. E}/ is
the energy of dipolar interaction, which is proportional to
the magnetic moments of individual crystals. MNCs in the
dispersion are coupled to each other by this long-ranged
interaction. Motion of one crystal induced by a thermal
disturb always influences that of its surroundings. A variety
of self-assembly patterns as a function of crystal size can
be produced [9-11]. E} is the energy of MNCs in a
magnetic field. It offers the means to artificially control
the self-assemblies of MNCs [10].

An equilibrium assembly of MNCs corresponding to a
minimum value of E indicates two structural orders: One is
geometric order that describes the spatial organization of
the crystals; the other one is magnetic order that pictures
magnetic spin texture in the assembly induced by the
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dipolar interaction (and/or the external field if it is not
zero). Recently, fabrication and superlattice of nanocrys-
tals have been the focus of much attention. However, very
little work has been done on characterizing the spin texture
in MNC assemblies, which needs application of sophisti-
cated techniques. The spin order is indispensable to under-
standing the effects of dipolar interactions on the self-
assembling behavior of MNCs and also of vital importance
for some technological applications, such as magnetic
storage, spin-dependent tunnel nanojunction [12], and bio-
medical applications [13]. Here we suggest a spiral spin
order in a cobalt nanodisk (ND) array based on guantitative
measurements using off-axis electron holography. The
magnetic properties of the ND rows are deduced from
SQUID measurement on thick (3D) samples by extraction
of a superparamagnetic contribution. We choose to study
disk-shaped MNC:s for the reason that they are particularly
interesting from both fundamental and application per-
spectives and also because they exhibit a lesser degree of
freedom for Brownian movement in the colloidal disper-
sion compared to spherical particles so that the observed
results can be easily analyzed.

Cobalt NDs are fabricated by a modified La Mer method
[9,11,14]. A surfactant mixture of oleic acid and linear
amines is used to control the growth rates of different
crystalline faces. The resulting crystals encapsulated in a
2-nm-thick surfactant layer are then dispersed in toluene
subsequent to a size-selective precipitation procedure and
deposited onto amorphous carbon-coated copper grids by a
gradient evaporation process as reported in Ref. [11].
High-resolution transmission electron microscopy (TEM)
indicates that the crystals are crystallized in the hexagonal
close packed (hcp) structure with a sharp size distribution
[about 18 nm in diameter and 5 nm in thickness as shown in
Fig. 1(a)] but contain abundant stacking faults. The crystal
direction of [002] is parallel to the electron trajectory. Each
Co ND is a single-domain magnet. Neglecting the surface
and shape anisotropy, its anisotropy energy KV, where K is
the anisotropic constant of hcp-Co and V is the ND vol-
ume, is about 160kzT, where kp is Boltzman’s constant
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FIG. 1. (a) High-resolution TEM image. The nanodisks exhibit
hexagonal close packed crystal structure with the magnetic easy
axis [002] parallel to the electron trajectory. The crystal contains
some stacking defects. (b) TEM bright-field image of cobalt
nanodisk rows. The row unit consisting of ~7 nanodisks shows a
spindle shape to decrease the magnetostatic energy. Several units
construct a long nanodisk row.

and T is the room temperature 300 K. This energy barrier is
big enough to pin the ND magnetic moment along its
effective easy axis. The above dispersion condition pro-
duces self-assembled ND rows with an average interpar-
ticle distance of 4 nm [Fig. 1(b)]. The row axes are
randomly oriented in plane. It is worth noting that a unit
consisting of ~7 NDs shows a spindle shape, in which
small disks appear at its two ends, and several units con-
struct a long and flexible ND row. This arrangement may
be due to depletion forces in the system with broad particle
size distribution [11]. In order to minimize the magneto-
static energy, the ND rows can have a spin order of either
ferromagnetic longitudinal (FL) configuration, where the
spins are aligned head to tail along the row axis, or anti-
ferromagnetic transverse (AFT) configuration, where the
spins are perpendicular to the row axis and antiparallel to
their nearest neighbors. However, our results indicate a
possibility of an intermediate magnetic order where mo-
ments are arranged in a spiral configuration. This sugges-
tion follows from a direct measurement by off-axis
electron holography, a technique to visualize magnetic
flux with nanometer spatial resolution [15-17], of the
distribution of the local magnetic fields in the ND rows.
The electron holography is carried out at room tempera-
ture at an accelerating voltage of 200 kV with a JEM 3000F
field-emission-gun TEM, which is equipped with a special
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 in order to overlap the object
electron wave with the reference wave. The phase shift
arising from both the mean inner potential (¢yp) and from
the magnetic induction (¢yag) of NDs is given by the
following expression [15]:

2

V(x, v, 2)d
/\U(1+«/1—(v/c)2)[ (7. 2z

e
+ f f B, ds, )

where B, is the in-plane component of the magnetic in-
duction, z is the incident electron beam direction, U is the
TEM accelerating voltage, A is the wavelength, and » and ¢
are electron and light velocities, respectively. For the NDs
of interest here, ¢yyp [the first term in Eq. (2)], calculated
on the assumptions that V(x,y,z) = 26 V [18] and B, =
1.7 T, is about 1.17r rads, much bigger than that of ¢pyag
(0.27r rads). In order to quantify the contribution of mag-
netic induction, in the present study ¢yyp is removed from
the reconstructed phase image using the method proposed
in Ref. [16].

A typical bright-field TEM image of cobalt ND rows and
a corresponding reconstructed phase image, obtained from
the magnetic contribution to the phase shift when it is
examined at the remanent state, are shown in Figs. 2(a)
and 2(b), respectively. The density of the contours in
Fig. 2(b), which is proportional to the in-plane component
of the magnetic induction B, integrated in the electron
beam direction, provides a quantitative measure of the
strength and the direction of the local magnetic flux den-
sity. It is found that the row unit exhibits a contour profile
similar to a solenoid. Continuous contours run through all
NDs in the direction of the row axis, suggesting that the
AFT spin order does not exist in the ND rows at all. On the
other hand, it is also found that the direction and the
density of the contours in the ND rows slightly fluctuate
along the axis (angle variation within roughly +10°-20°),
reflecting that both the direction and the strength of the in-
plane component of magnetic induction B,, are functions of
the ND position. Thus, a pure FL situation may be not
realized either.

Contour spacing (/) in the reconstructed phase image
represents a magnetic flux of 4.1 X 101> Wb if the am-
plification of the phase shift is one [15,17]. The local B,, is
inversely proportional to / and approximately determined
from the equation

27 b 41X107P

B =27 .0
" e Alt

d(x,y,2) =

(Wb/m?), 3)
Z

where ¢, is the sample thickness, and A is the phase shift
amplification. Figure 2(c) shows the distribution of B,
along the row axis estimated by counting the local [ of
the contours. The result is somewhat appealing, as the in-
plane component of magnetic induction shows periodic
variation. The periodicity is about 45 nm, consisting of
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FIG. 2 (color). (a) TEM bright-field image of nanodisk rows.
(b) The corresponding holographic image superimposed on the
rainbow-type image of (a). Contours with a minimum width of
3.8 nm and a maximum width of 9.0 nm are formed, correspond-
ing to in-plane magnetic induction components of 1.48 and
0.63 T, respectively. (c) Periodic variation of the in-plane com-
ponent of magnetic induction estimated from the contour space.
The inset shows the spiral spin order in the disk row. The
periodicity of the spiral spin arrangement is about 45 nm, con-
sisting of 4—-5 nanodisks. The neighboring rows produce some
noise as shown by blue shadows. The appearance of small disks
[arrows in (a) and (b)] greatly affects the periodicity and magni-
tude of in-plane component magnetic induction.

4-5 NDs. A maximum B, = 1.48 T is observed, smaller
than the saturation magnetic induction of bulk hcp-Co
(1.7 T). It may result from an overestimation of the sample
thickness in the calculation. A minimum B,, of 0.63 T is
also evaluated at regions of wide contours. The analysis of
the electron holography indicates that the ND moment is
tilted with respect to the projected plane of the electron
beam, and the angle periodically changes with the position
of the crystals. The proposed spin arrangement is sketched
in the inset in Fig. 2(c), which is spiral-like and turning
around the row axis. Apparently, this order is associated
with the tilt of magnetic moments of individual hcp NDs
due to the interplay of magnetic anisotropies. The energy
balance leading to this magnetic arrangement needs a
separate investigation. From the ratio of the minimum to
maximum value of B, the angle between spin and row axis

is estimated at about 68°; i.e., the effective easy axis of
each ND deviates from the crystal direction of [002] about
22°. Note that the irregular long-range fluctuations of B,, in
the region shadowed in Fig. 2(c) result from the noise
produced by the neighboring rows [see the marked region
in Fig. 2(a)]. Statistically, the period of variation of the
magnitude of B, correlates with the period of gray scale
intensity, or particle sizes, based on the analysis of Fig. 2(a)
(not shown here), or the appearance of small disks, as
shown by red arrows in Figs. 2(a) and 2(c).

The ferromagnetic component of magnetization at room
temperature associated with the spindle-shaped NP rows in
the samples can be confirmed and studied by magnetic
measurements. For these measurements, a thick film con-
sisting of 7-ND units randomly dispersed in a matrix was
deposited by ND colloidal dispersion diluted by a large
volume of smaller cobalt particles not organized into rows
(about 90% in the present study as follows from the analy-
sis). The latter are superparamagnetic at room temperature.
Assuming that the magnetic interaction between the ND
rows and the small particles in the matrix is negligible, the
SQUID result obtained at room temperature can be sepa-
rated into a superparamagnetic and a ferromagnetic con-
tribution. In order to remove the superparamagnetic signal,
we first determine the mean size and the size distribution of
the small particles as follows. The sample is cooled in a
zero magnetic field from room temperature to 5 K. A field
of 2 Oe is then applied, and the initial susceptibility y; is
measured with increasing temperature. The zero field
cooled-field cooled (ZFC-FC) magnetization curves show
an apparent blocking temperature of small nanoparticles
T (defined as a maximum of the ZFC curve) below room
temperature, while the ZFC magnetization continues to
increase above 300 K (Tz, > 300 K associated with rows
of NDs). A plot of the temperature derivative dA y;/dT,
where A y; is the difference between ZFC and FC suscep-
tibilities, against temperature 7 is proportional to the dis-
tribution of blocking temperatures [19] and is shown in
Fig. 3. The curve exhibits a broad peak at a temperature
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FIG. 3 (color online). Plot of dA y,/dT vs T is fitted by a log-
normal distribution function (solid curve), and the mean size and
the size distribution width are estimated at 149 and 65 nm?,
respectively.
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FIG. 4 (color online). Loops of thick film measured by SQUID
at (a) 300 and (inset) 5 K. The solid curve in (a) is the super-
paramagnetic signal of the small particles calculated by the
Langevin function. (b) is the loop of ND rows at 7 = 300 K
obtained by subtracting the superparamagentic signal from the
SQUID result.

Ty, defined as the average blocking temperature of the
small particles, and the peak width AT is associated with
the width of the particle volume distribution. Fitted by a
log-normal function (the solid curve in Fig. 3), T, and AT
are evaluated as 228 and 100 K, respectively, correspond-
ing to the mean volume of (V) = 149 nm?, or the mean
diameter (D) =~ 6.6 nm assuming a spherical shape of
small nanoparticles, and the width of volume distribution
of AV =65 nm?® calculated using the blocking criteria
KV ~25kpTy for individual MNCs and an assumption
that K of hcp-Co is independent of 7 in the measurement
temperature range.

Hysteresis loops for the thick film observed at 300 and
5 K are shown in Fig. 4(a) and the inset. It is found that the
loop at 5 K has a shape typical of nanocrystalline magnetic
materials (inset) where all Co crystals are blocked and has
a coercivity H,. of 900 Oe and a reduced remanence
M, /M, of 0.45. At 300 K, however, the major contribution
in the loop is from superparamagnetic particles. Very small
H, and M,/M, are obtained. According to the concentra-
tion and the size distribution of the small particles, the
superparamagnetic signal is approximated by the Langevin
function [the solid curve in Fig. 4(a)], which is then sub-
tracted from the total signal. The remaining moment asso-
ciated with nanodisk rows Myp(H) is plotted in Fig. 4(b).
The loop is characterized by H, ~ 16 Oe and M,/M, ~
0.1. The abnormally low remanence is then attributed
partially to the spiral spin arrangement (analogous to mag-
netic vortex in bulk magnetic materials) and partially to the
temperature effects.

In conclusion, a spiral spin order in cobalt nanodisk
rows, which results from a collective Brownian rotation
during solvent evaporation, has been characterized by off-
axis electron holography. This feature offers a unique
opportunity to study magnetism on the nanoscale and
shows that the magnetization behavior and reversal typical
of the buckling mode can be pictured with these discrete
single-domain nanocrystals.
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