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This study reports on the correlation between crystal orientation and magnetic flux distribution of
Fe;0,4 nanoparticles in the form of self-assembled rings. High-resolution transmission electron
microscopy demonstrated that the nanoparticles were single-crystalline, highly monodispersed,
(25nm average diameter), and showed no appreciable lattice imperfections such as twins or
stacking faults. Electron holography studies of these superparamagnetic nanoparticle rings
indicated significant fluctuations in the magnetic flux lines, consistent with variations in the
magnetocrystalline anisotropy of the nanoparticles. The observations provide useful information
for a deeper understanding of the micromagnetics of ultrasmall nanoparticles, where the magnetic

dipolar interaction competes with the magnetic anisotropy. © 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4901008]

Magnetic nanoparticles synthesized by chemical/colloi-
dal methods'™ have attracted considerable attention in the
previous decade because of their potential for applications,
such as drug delivery,>* contrast enhancement in magnetic
resonance imaging,>* tracers for promising new magnetic
particle imaging,>® and for the radio frequency method for
cancer treatment (referred to as hypermedia).”” Among the
candidate materials for these medical applications, magnetite
(Fe30,4) has several advantages including excellent chemical
stability, biocompatibility, and sufficiently large magnetic
flux density (~0.6T), which enables efficient manipulation
of the particles. From an engineering point of view, control-
ling the particle size and/or dispersion is crucial for optimiz-
ing functionalities such as heat generation’'® or generation
of contrast™® using magnetic nanoparticles in an alternating
magnetic field.> Another essential problem concerning the
science and engineering of nanoparticles is revealing the
magnetization distribution in specific self-organized arrange-
ments. Microscopy observations could provide useful infor-
mation for an understanding of spin textures that may be
dependent on the complex morphology of nanoparticles.

With respect to the morphology of magnetic nanopar-
ticles, transmission electron microscopy (TEM) observations
have revealed basic forms of self-assembly, such as ring (or
bracelet),“’12 chain,l3’16 and other two-dimensional configu-
rations.'”'® For the ring and chain forms, researchers have
claimed a significant role of the magnetic dipolar interaction
for achieving peculiar one-dimensional arrays of
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nanoparticles."''™'? It should be noted that many of the pre-
vious TEM studies were carried out using polycrystalline
and/or multiply-twinned nanoparticles, in which the
magnetocrystalline anisotropy (another essential factor for
explaining the magnetic nanostructure) is weakened and/or
averaged out. Thus, we need to investigate a different case,
in which the magnetocrystalline anisotropy is pronounced
and well-defined for individual nanoparticles. Such observa-
tions could shed further light on our understanding of micro-
magnetism of nanoparticles, where the magnetic dipolar
interaction competes with the magnetocrystalline anisotropy.
To examine this, we carried out electron holography studies
using single-crystalline, monodispersed Fe;O, particles with
diameter of 25 nm.

The Fe;O,4 nanoparticles were synthesized by reacting
predetermined amounts of Fe*"-oleate and oleic acid in 1-
octadecene. The mixture was refluxed overnight (>24 h) at
593 K under argon with vigorous stirring. The final product
was collected and washed four times with a 1:1 mixture of
chloroform and methanol to remove excess surfactants and
solvent. The as-synthesized particles were then coated with
an amphiphilic polymer, poly(maleic anhydride-alt-1-octa-
decene) (PMAO), modified by covalent attachment of poly
(ethylene glycol) (PEG, molecular weight 5000 kDa). After
coating with PMAO-PEG, the particles were dispersed in
water. See Ref. 19 for additional details on the synthesis of
these nanoparticles. For TEM observations, the nanoparticles
were placed on a copper grid coated with electron-
transparent amorphous carbon by allowing a 10 uL. drop of a
particle-containing solution to evaporate in a drying oven at
473 K. A crystallographic structural analysis was carried out

© 2014 AIP Publishing LLC
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using a 300-kV electron microscope, a TITAN 80-300
(FED. To reveal the magnetic flux distribution in the nano-
particles, electron holography studies were carried out using
a 300-kV electron microscope, a HF-3300S (Hitachi). The
lateral resolution, defined to be three times the fringe spacing
in electron holograms, was about 10 nm.?° Simulations of
the magnetic flux map were carried out using the commercial
computer code ELF/MAGIC (ELF Co.), which employs the
integral element method. TEM observations ascertained
three types of basic morphology of self-assembly for the
Fe;0, particles: chain, ring, and two-dimensional clusters.?!
In this study, in order to reveal the relationship between the
crystal orientations and magnetic flux lines, a ring-type as-
sembly such as that shown in Fig. 1(a) was analyzed.

We first describe the crystallographic aspects of the
nanoparticles. TEM observations showed that the synthe-
sized Fe;0, particles were monodispersed, and that the aver-
age particle size was 25 nm: i.e., for the ring shown in Fig.
1(a), the diameters (long axis) of the particles ranged from
22 to 28 nm. Figure 1(b) shows a high-resolution TEM image
of a nanoparticle, which was observed in an agglomeration
different from that shown in Fig. 1(a). The nanoparticle is in
a single-crystalline state, showing no appreciable lattice
imperfections such as twinning or stacking faults. Clear
lattice fringes can be seen over the whole specimen region.
The digital diffractogram in Fig. 1(c), which was obtained
from the lattice image in Fig. 1(b), could be reasonably
indexed assuming the inverse spinel-type structure of Fe;O,.
These results indicate the excellent crystallinity of the syn-
thesized nanoparticles. The nanoparticles showed major fac-
ets made of {111} planes, as indicated by the red lines in
Fig. 1(b), in addition to minor facets such as {100}. Based
on these observations, the Fe;O, particles can be approxi-
mated by a truncated octahedral, as is discussed later in
greater detail, although the actual particle shapes were not
perfectly symmetric.

Fe;0,4 nanoparticles with this diameter of ~25nm are
near the critical transition size between superparamagnetism

FIG. 1. Morphology of ring-shaped self-assembly of Fe;O4 nanoparticles.
(a) TEM image of Fe;0, nanoparticles showing the ring-shaped self-assem-
bly. (b) High-resolution TEM image of Fe;O,4 nanoparticle. The particle was
in an agglomeration different from the assembly shown in (a). (c) Digital
diffractogram indicating the single-crystalline state of the nanoparticle
shown in (b).
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and ferrimagnetism.>® To reveal the magnetism of the syn-
thesized nanoparticles, magnetization curves were acquired
from water-dispersed nanoparticles at room temperature. As
shown in Fig. 2, the magnetization curve (black dots) meas-
ured using a vibrating sample magnetometer (VSM) showed
zero remanence and coercive field, indicating superparamag-
netic behavior. The magnetization data could be reasonably
well fitted using a Langevin function (green curve) assuming
a log-normal size distribution,?* with a median particle diam-
eter of 24 nm, which is not in contradiction to the electron
microscopy observations. (The inset in Fig. 2 shows the
probability distribution function for the particle diameter
determined from the fitting process.) The saturation magnet-
ization was assumed to be equal to the bulk value for magne-
tite, 446 kA/m, and the measurement temperature was 295 K.
The geometric standard deviation was 1.2.

The competing mechanisms that are responsible for the
magnetism of nanoparticles should be mentioned. Some of
the present authors observed that under alternating current
excitation, the coercive field increased (relative to the VSM
measurement) due to the short measurement time.>> This
result indicates that nanoparticles of this size (~25nm) are
near the critical transition between thermal energy domi-
nance and anisotropy energy dominance. As the specimen
was dried on the grid for the TEM observations, the relative
contribution of the magnetostatic interaction appeared to
increase, leading to ordering and self-assembly into a flux-
closed loop. This is likely because the PEG layer collapsed
as it dried, reducing the steric barrier between magnetic
cores. We accordingly expect that electron holography can
visualize a static magnetic flux distribution, which can be
achieved by the ring-shaped self-assembly observed in the
TEM specimens.

Electron holography was used to image the magnetic
flux lines in the ring-shaped self-assembly. Here, we briefly
touch upon the essence of electron holography. An electron
wave that has traversed the specimen, referred to as the
object wave, is subjected to a phase shift, ¢, due to the elec-
tromagnetic field. With reference to the x-y-z coordinate
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FIG. 2. Hysteresis loop for water-dispersed specimen measured using a
vibrating sample magnetometer. The observations (black dots) indicate that
the nanoparticles are superparamagnetic under the measurement conditions
used (room temperature, 1 s hold at each measured field). Data simulated for
the fitted size using a Langevin function are also plotted (green curve).
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FIG. 3. Electron holography observations from nanoparticles shown in Fig. 1(a). (a) Original reconstructed phase image indicating a significant contribution
from the mean inner potential, which is pronounced for nanoparticles. The phase information was amplified by a factor of 10. (b) Reconstructed phase image
collected from the specimen, which was turned upside down with reference to the incident electrons. The phase information was amplified by a factor of 10.
(c) Reconstructed phase image showing the magnetic information in this viewing field. The phase information was amplified by a factor of 100. The blue
arrows and the red lines indicate the traces of the (111) axis and the outline of the nanoparticles, respectively. The result in (c) was subjected to noise filtering

using a Fourier transform.

shown in Fig. 1(a), in which the electron incidence is perpen-
dicular to the x-y plane, ¢ can be expressed as

e

o(x) = GJVOdZ ~ 7

JBde , (1
where, g, Vy, e, h, and By, represent the interaction constant,
the electric potential, elementary charge, Planck’s constant
divided by 27, and the y component of the magnetic flux
density, respectively. The integral is carried out over the area
enclosed by the paths of the electrons.”** Similarly, ¢(y)
can be related to the x component of the magnetic flux den-
sity.26 In the experiments, the object wave interferes with the
reference wave (i.e., the electron wave free of phase modula-
tion) to produce the electron hologram, which carries infor-
mation about the phase shift. The phase information can be
retrieved from the digitized electron hologram using a
Fourier transform. This process yields a reconstructed phase
image, such as that shown in Fig. 3(a). The result is pre-
sented in terms of cos ¢(x,y), where contour lines trace posi-
tions with an equal phase shift magnitude. It should be noted
that the phase shift shown in Fig. 3(a) has been amplified by
a factor of 10.

Although Fig. 3(a) shows concentric contour lines at the
particle positions, this phase image is mostly due to the first
term of Eq. (1), representing the contribution from the elec-
tric field. In particular, for Fe;O4 nanoparticles whose thick-
ness in the incident electron direction varies strongly, the
phase shift due to the mean inner potential is the most signif-
icant source of the phase shift. In order to separate the mag-
netic information [due to the second term of Eq. (1)] from
the undesired electrical information, we obtained another
reconstructed phase image after flipping the specimen so that
it was upside down with reference to the incident electrons:
see Fig. 3(b). For this observation, the sense of the phase
shift was reversed for the magnetic field, although it
remained unchanged for the electric field.”” A subtraction
protocol using Figs. 3(a) and 3(b) erases the undesired con-
tribution of the electric field, and accordingly reveals the
magnetic field [Fig. 3(c)]. In the absence of the contribution
from the electric field, the contour lines represent the lines of
magnetic flux (in-plane component of magnetic flux) in the
region of interest.”**> The results of Fig. 3(c) were subjected
to noise filtering, and the phase information was amplified
by a factor of 100. The red lines and the blue arrows in the

figure indicate the outline of individual nanoparticles and the
trace of the plausible easy magnetization axis, respectively.
The observation clearly shows the magnetic flux lines [i.e.,
contour lines in Fig. 3(c)] that trace the ring.

Magnetic flux lines tracing the rings have been observed
for polycrystalline Co particles '' and multiply-twinned Ni
particles.'® In contrast to these previous observations, the
contour lines in Fig. 3(c) are highly meandering, i.e., the
direction of the magnetic flux lines changes significantly at
several locations in the ring. To account for these fluctua-
tions, we carried out simulations of the reconstructed phase
image. As shown in Fig. 4(a), the nanoparticles were
approximated by truncated octahedra, showing major facets
of {111} planes (indicated in green) and minor facets of
{100} planes (indicated in red). The size, location, and crys-
tal orientation of the nanoparticles were fitted to the TEM
observations.”! Assuming the magnetic flux density of the
nanoparticles to be 0.6 T,Zg’29 we calculated the three-
dimensional magnetic field, both inside and outside of the
particles, using the commercial code ELF/MAGIC. When
the three-dimensional magnetic field is known, calculation

FIG. 4. Simulations of the magnetic flux distribution. (a) Structure model
used in the simulation. The nanoparticles in Fig. 1(a) were approximated by
truncated octahedra, for which the particle position, particle size, and crystal
orientations were fitted to TEM observations. (b) Simulated reconstructed
phase image showing the magnetic signals (representing magnetic flux lines)
allowing for a comparison with Fig. 3(c). The blue arrows and red lines indi-
cate the traces of the (111) axis and the outline of the nanoparticles, respec-
tively. The simulated phase information was also amplified by a factor of
100.
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using the second term in Eq. (1) gives a reconstructed phase
image such as that shown in Fig. 4(b).

The simulation reasonably explains the characteristic
features of the observations. For the paired particles 1-2 and
3-4, the traces of the easy magnetization axis (blue arrows)
are almost parallel. For these particle pairs, the magnetic flux
lines are approximately parallel to the blue arrows in both the
observations [Fig. 3(c)] and the simulation [Fig. 4(b)]. In con-
trast, the flux lines are deformed in a zig-zag manner for the
particle arrays 5-6-7-8 and 10-11-1. In fact, at these loca-
tions, the blue arrows are neither mutually parallel, nor do
they trace the ring. It can be concluded from these observa-
tions that the fluctuations in the contour lines can be attrib-
uted to the magnetocrystalline anisotropy, which is preserved
in the ring-shaped self-assembly. We note that there was a
small discrepancy in the shape of the flux lines (between the
observations and simulation), for example, in particle 9. A
plausible reason for this is the additional phase shift due to
Bragg reflections. In principle, for the electron holography
study, we chose those particles [viz, the observation in Fig.
1(a)] in which undesired diffraction contrast appeared to be
suppressed. However, when the specimen was flipped upside
down, in order to obtain the result shown in Fig. 3(b), we
were unable to perfectly reproduce the same diffraction con-
dition as that of Fig. 3(a): presumably, the deviation of the
diffraction condition was significant for particle 9.

We attempted to determine the magnetic flux density for
the synthesized Fe;O, nanoparticles. For this purpose, the
phase shift was measured along the yellow line A-B in Fig.
3(c) that crosses particle 1. The observations are plotted as
black dots in Fig. 5. The other curves in Fig. 5 represent sim-
ulations, which, respectively, assume the magnetic flux den-
sity (B) in the particles to be 0.4 T (blue), 0.6 T (red), and
0.8 T (green). These plots suggest that the B value that best
fits the observations is 0.6 T. Although a small deviation
(~0.03 rad, between the black and red curves) is observed in
the side of B, this value is comparable with the uncertainty
in the phase analysis (~0.03 rad), which is deduced from the
background noise. Assuming the magnetic flux density of the

T T T

0.2} e Observations

Simulations
e B=04T
01 o B=06T
e B=08T

Phase shift (rad)
(=)

2 !
40 20 0 20 20
A Distance (nm) B

FIG. 5. Comparison between observations (black) and simulations (blue,
red, green) of the phase shift observed along the line A-B in Figs. 3(c) and
4(b). The simulations were carried out assuming the three values of mag-
netic flux density (B) of the Fe;O4 nanoparticles to be 0.4T (blue), 0.6 T
(red), and 0.8 T (green). The phase information is not amplified.
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nanoparticles to be 0.6 T, this value corresponds to the flux
density observed for bulk Fe;O, crystals.”®*° Thus, within
the accuracy of this electron holography study, we could not
obtain any signatures indicating spin disorder in the neigh-
borhood of the surface, which would suppress the effective
magnetic flux density in the nanoparticles.

To summarize, our TEM observations demonstrated the
excellent crystallinity of the monodispersed Fe;O, nanopar-
ticles (25nm average size) synthesized using the colloidal
method;® the particles were single crystalline, showing nei-
ther twins nor stacking faults. The nanoparticles showed
ring-shaped self-assembly as is widely observed in other
magnetic metal nanoparticles. Electron holography revealed
the magnetic flux map for the self-assembly, in which the
flux lines were highly meandering at several portions in the
ring. The fluctuations in the flux lines were reasonably
explained by the magnetocrystalline anisotropy that was pre-
served in the nanoparticles forming the ring-shaped assem-
bly. The magnetic flux density for the nanoparticles was
determined to be 0.6 T, which was consistent with the value
for bulk Fe;O, crystals, and no evidence of significant sur-
face spin disorder was observed.
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