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FIG. 7. (Color online) (a) Magnified SEMPA image of 33 ML Fe nanopar-
ticles. The arrows indicate the magnetization directions. The white circles
mark the flux closure magnetic domain structures. (b) Line profile of the
magnetization direction, as indicated in (a). The magnetization switches
within 10 nm, about the size of a single nanoparticle. (c) The correlation
functions of 9-33 ML Fe nanoparticles. The arrows indicate the magnetic
correlation length to be ~250 and 350 nm for 9-13 and 23-33 ML Fe
nanoparticles, respectively. (d) Histogram of angle differences between
nearby pixels (pixel size: 10X 10 nm?) in SEMPA images of 9-33 ML Fe
nanoparticles.

nm. As shown in Fig. 7(b), magnetization switching is ob-
served within one pixel (10 nm) at the center of the vortexes.

From the SEMPA images, the correlation function,
which is defined as the averaged magnetization angle differ-
ence, |Angle(X)—Angle(Y)|, can be calculated as a function
of distance for each pair of pixels X and Y. The averaged
angle difference between two uncorrelated pixels should be
~90°, which is the average of random distribution between
0° and 180°. Therefore we can determine the effective length
of magnetic coupling by finding when dose the correlation
function approach 90°. The correlation functions of magnetic
directions of Fe nanoparticle assemblies are summarized in
Fig. 7(c). The magnetic correlation length is deduced to be
~250 and 350 nm for 9-13 ML and 23-33 ML Fe, respec-
tively. The 250 to 350 nm correlation length is at least two to
three orders of magnitude smaller than the domain size of
in-plane magnetized thin films, which is typically in the
range from hundreds of micrometer to millimeter.'*** The
much smaller domain size observed in the Fe nanoparticle
assembly is likely to be caused by the reduced magnetic
coupling and anisotropy energy, which lead to lower energy
cost for creating domain walls.

As shown in Fig. 6, the magnetic domains of 23-33 ML
Fe are over 250-350 nm in length. However, length of the
elongated Fe islands ranges only 20—40 nm, as shown in Fig.
2. The following questions rise. Why is the extent of the
magnetic domain much larger than the size of Fe islands?
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What is the correlation between the magnetic domain and the
elongated islands? Actually, the magnetic domain size is of
the same order of the Al,O; domain size, as shown in Fig.
1(a). Fe nanoparticles grown on the same Al,O5 domain (ter-
race) reveal collective magnetic behaviors. The magnetic in-
teraction across different Al,O; domains is relatively weak,
probably due to the different domain height or larger inter-
particle gaps at the domain boundary. The higher Fe cover-
age increases the particle height and induces coalescence be-
tween particles, promoting the magnetic interaction between
different Al,O; domains and resulting in the extension of
magnetic domains. Although the coalescence induced elon-
gated Fe islands do not correspond directly to the magnetic
domain shape or size, they still change the collective mag-
netic anisotropy, leading to the two-step hysteresis loops.
Possible mechanisms include the coalescence induced shape,
crystalline, or interface related magnetic anisotropy.

Furthermore, the statistics for magnetization angle dif-
ference A6 between nearby pixels is analyzed in order to
study the magnetic coupling strength between the nearest
neighbor pixels. Figure 7(d) summarizes the distribution of
A0 between the nearest neighbor of pixels. Apparently the
nearest neighbors prefer parallel alignment (A#=0), and the
coupling strength increases monotonically with the Fe cov-
erage. These results are obvious. With higher deposition cov-
erage, the particle size increases and the interparticle gap
gets smaller. Thus we observe a clear increase in coupling
strength, indicating the possibility of controlling the mag-
netic coupling strength and magnetic anisotropy for the de-
sired magnetic properties, such as magnetic correlation
length, Curie temperature, and domain configuration,
through tunable particle size, interdistance, or alignment.g’25

In the magnified SEMPA images, such as Fig. 7(a), the
pixel size is 10X 10 nm?. The pixel size is very close to the
average interparticle distance of the circular nanoparticles in
9-13 ML Fe, as shown in Fig. 1. Thus, as reported in our
previous paper,lo the coupling energy E can be obtained by
fitting the experimental A6 distribution [Fig. 7(d)] with a
simplified magnetic coupling model. The fitted curves de-
scribe the statistical distribution well. The fitted coupling en-
ergy Eis 79+2 meV and 98 =3 meV for the 9 ML and 13
ML Fe nanoparticles, respectively, which is very close to the
dipolar coupling energy (~94 meV) between two Fe nano-
discs with diameter of 10 nm, center-to-center distance of 10
nm and height of 2 nm.>*** Thus it is possible that the
dipolar interaction is an origin for the extended domain
structures of Fe nanoparticle assemblies.

Up to now, many theoretical simulations and
experimentszo’22 have investigated the magnetic properties of
nanoparticle assemblies, especially for the reduced magnetic
correlation length and the flux closure (vortex-like) magnetic
domain structures. In the study of Scheinfein et al. by neu-
tron scattering, the magnetic correlation length of Fe nano-
particle assemblies ranges from 100 to 120 nm for 10—15 nm
in diameter.”” Monte Carlo simulations of Bennett et al.”’
and Georgescu et al.** show that the magnetic moments of
nanoparticles arrange themselves into flux closure structures.
The vortex state is determined to be the most stable condi-
tion, with the nanoparticles close to each other and coupled
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by dipolar interaction. Although the simulation has been re-
ported, it is still difficult to observe a real image due to the
limitation of investigative tools. Therefore, instead of per-
forming a similar simulation, we emphasize that the in situ
direct observation by SEMPA, in Figs. 6 and 7, indeed pro-
vides conclusive evidence to support the aforementioned
simulation.

IV. SUMMARY

By combining in situ MOKE, STM, and SEMPA inves-
tigations, we have studied the coverage dependence of mac-
roscopic and microscopic characteristics of Fe nanoparticle
assemblies, including particle shape evolution, size distribu-
tion, magnetic hysteresis loop, magnetic flux-closure domain
structure, magnetic correlation length, and magnetic cou-
pling strength. For 9-13 ML Fe, the isolated circular nano-
particles revealed isotropic ferromagnetism on the surface
plane. For 23-33 ML Fe, coalesced particles formed elon-
gated islands along the stripes of Al,O5 template, revealing
anisotropic in-plane magnetization. It is concluded that a
uniaxial magnetic anisotropy explains the transition from
isotropic to anisotropic in-plane magnetization. In the micro-
scopic magnetic domain structure, when the Fe coverage was
increased from 9-13 ML to 23-33 ML, the coalescence of
nanoparticles extended the magnetic correlation length from
250 to 350 nm, which is two to three orders of magnitude
smaller than the domain size of continuous thin films. From
a statistical analysis of SEMPA images, the dipolar interac-
tion between Fe nanoparticles was determined to play a
dominant role in the formation of both the extended mag-
netic domain structures and the vortex-like domains. These
conclusions will be valuable for engineering magnetic nano-
particle assemblies for designed functionalities.
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