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Atomic-scale investigations of solid-liquid interfaces by frequency modulation atomic
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When ferromagnetic nanopatrticles are packed as a face-centered-cubic (fcc) lattice, dipolar ferromagnetic state appears in t
lattice film. Magnetic dipoles in each nanoparticle are aligned in one direction with dipole-dipole interaction. This ground state
was theoretically predicted by Luttinger and Tisza in 1946 [1]. Magnetic force microscopy (MFM) detected collectively mag-
netized regions in 12 nm Co nanoparticle assemblies [2]. However, the magnetic domain structures have been obscure becal
MFM is not sensitive enough to image the in-plane component in the arrays. Electron holography, one of the techniques using
transmission electron microscope (TEM), can detect and image the in-plane component of magnetic flux at higher spatial resc
lution. Here, we report our use of electron holography to observe the existence of dipolar ferromagnetic domain structures an
their behavior.

We prepared 8 nm epsilon-Co nanopatrticles by thermally decomposing cobalt carbonyl precursor in high boiling-point solvent.
Each nanoparticle was coated with organic surfactants. We dispersed the particles on immiscible liquid and compressed them
obtain close-packed monolayers. We then transferred them to carbon-coated TEM grids [3]. Before loading the sample into th
TEM, the film was scratched with a sharp tungsten needle to obtain a vacuum area for electron holography.

Figure 1 shows the TEM image of the particle arrays with partial disordering. The average edge-to-edge separation betwee
particles is 4.2 nm, so exchange effects are minimal. We used Philips CM200 field emission TEM under Lorentz microscopy
mode; the standard objective lens was turned off and a Lorentz mini-lens beneath the objective lens was used to focus the samf
To observe virgin domain structures of dipolar ferromagnetism, we cooled the sample to 108 K with a liquid nitrogen cold stage
in a field free environment (Zero Field Cooling).

Figure 2(a) shows a 7.5 micron wide region of the array. We took a series of holograms and reference holograms at the san
positions, and obtained the magnetic flux distribution shown in Figure 2(b). We observed partially galaxy-like structures in mi-
cron scale that were separated by transverse domain walls. A previous simulation predicted vortex structures due to magnetosta
interactions [4]. Our result was similar to the simulation pattern at the sample edges.

Next, we applied a magnetic field to the sample in the TEM. The sample was tilted and the objective lens was turned on. Aftel
turning off the lens, the sample was tilted back and imaged in remanence. The center of the galaxy-like structure was shifted t
the left, as shown in Figure 2(c). Shifting of a transverse wall by a magnetic field has also been observed in ordinary ferromag
netic permalloy rings [5]. A similar response occurred in our sample without exchange coupling.

We demonstrated the existence of dipolar ferromagnetic domain structures formed in the magnetic nanoparticle arrays, ar
observed the patterns of the domain structures and their response to the applied field. This observation should clarify the chara
terization of dipolar ferromagnetism in nanoparticle arrays.
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We here describe a kinetic theory of the crystallization of nanoparticles, where nanoparticles are dissolving and crystals ar
forming in solution. The theory assumes that a crystal nucleates only on a nanoparticle, the crystal stops growing at a certain siz
and the concentration of metal ion in solution is close to the solubility of the nanoparticles. On the basis of these assumptions
we have derived integral equations for R(t) (crystal ratio as a function of time). We have solved the integral equations with a
successive approximation method. When time tis less than tinflgg (7€, 'mq.: maximum radius of crystal, G: growth rate
of crystal), R(t) is close to fourth power of time; when t is larger than tinflec, R(t) is close to an exponential-type function. The
kinetic theory has been applied successfully to the transformation of ferrihydrite nanoparticles to goethite or hematite crystals
and the crystallization of TiQ(Fig. 1). The theory shows that the nucleation rate of crystal essentially determines the crystal-
lization rate, and that induction period is observed when the growth of crystal is slow. Some non-thermodynamic parameters suc
as the turbulence of solution and the size of system can also affect the crystallization rate. For example, the stirring of solutior
prevents crystals to deposit and makes the crystals grow larger, which in turn makes the crystallization rate high.
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High-speed in-situ observation of a pulse homogeneous nucleation process in vapor pha:s
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The gas evaporation method has a history of almost half century. Study of the products has been performed energeticall
mainly using a transmission electron microscope and elucidated that nanoparticles have different physical properties from th:
of the bulk material, have a crystal habit reflected their crystal structure as well as bulk crystals, and so forth. On the other hanc
there is almost no report concerning a nucleation in a smoke in view of crystal growth. Recently, we firstly achieved an in-situ
observation of a nucleation process in a smoke using a Mach-Zehnder type interferometer and clearly showed that smoke par
cles condense only in very high-supersaturation environment homogeneously. In case of preliminary experiment using tungste
trioxide, it condenses with a degree of supersaturation as high s I éhis process, since evaporant is continuously supplied
into surrounding of an evaporation source, flow of a smoke (i.e., nucleation and growth of nanoparticles) has been simply con
sidered as a consecutive process. However, the nucleation and growth of smoke particles should be a rapid process ("ms) due
high supersaturation. In such case, it is possible that the concentration of the evaporated vapor around the evaporation source
frequently changing. No one ever observed the detail of smoke formation process so far. There is only a report, which include
a serial photographs of a smoke and flow velocities were estimated as a function of gas pressure (Yatsuya et al. 1984). In th
report, we tried to see a motion of a smoke using a high-speed camera (Keyence VW-9000) with a high-speed color camer
(Keyence VW-600C) combined with a zoom lens of VH-Z20W to know the nucleation process of smoke particles.

A small vacuum chamber was newly constructed based on a new concept to do smoke experiments flexibly. The work chamb
used was a stainless-steel cylinder 76 mm in diameter and 16 cm in length with two view ports of ICF70 for optical observation,
a ports of ICF34 for temperature measurements using pyrometer, two electrodes and two tubes with quarter inch diameter fc
introduction of a thermocouple and a vacuum and gas system. Tungsten wire (99.95% in purity) with 0.3 mm in diameter anc
70.0 mm in length was prepared as an evaporation source between the electrodes. After evacuating the chamber déwn to “10
Pa, Ar gas (99.9999% in purity) of 3.6x18a and oxygen (99.999% in purity) gas of 4.0k&&re introduced into the chamber.

The pressure was monitored by a capacitance manometer (ULVAC CCMT-1000D) and a pirani/cold cathode combination gaug
(Preiffer PKR 251).

When a tungsten wire is electrically heated in the gas atmosphere, a tungsten wire reacts with oxygen and tungsten oxide smo
particles are produced. The smoke follows a convection current from bottom to top generated by a hot source. The high-spee
camera was set in a direction of certainly parallel to the evaporation source and observed the smoke with a rate of 4000 frame
per sec. As aresult, we found a fluctuation with a constant frequency with "11 ms of concentration of a smoke. We will discuss
the reason why the concentration of a smoke fluctuates at the presentation. It can be assumed that decrease of a supersaturatic
the reason. But, why? There is some possibilities; temperature increase due to latent heat by condensation, depletion of oxyg
around the evaporation source and decrease of the concentration due to nucleation, which eats ambient tungsten oxide molect
immediately. We intend further experiment using gold, which will elucidate the reason more clearly.

googo:obo,boo,0bog,gbooaoon
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Allende meteoritc nanodiamonds and their possible shock wave formation
Allende meteoritc nanodiamonds and their possible shock wave formation
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Two main theories exist for the formation process of the meteoritic nanodiamonds (e.g., Daulton et al. 1996-and reference
therein): (1) Chemical vapor deposition (CVD), and (2) shock origin. TEM investigations, in particular, seem to suggest that
formation by a CVD process is most likely.

According to supernova shock wave experiment of Hansen et al. (2007) the first step is the transition of the secondary shoc
wave through interstellar media nearby the supernova explosion resulting the grain-grain collisions. The initial shock wave oc:
curs rapidly, which can give the physical conditions such as high pressure and high temperature adequately for the formation ¢
diamond creating the second stage or the crystallization stage. A disadvantage of this process, however, is that, pressures obtail
during such collisions are often so high that shattering, sputtering and vaporization become dominant over phase transformatic
(Tielens et al. 1987, Jones et al. 1994, 1996), which limits the effectivity of diamond formation.

In conclusion, these results from the previous literature alone are not conclusive, especially since it is currently difficult to
distinguish between the effects of shock transformation and small grain size. They leave open, however, the possibility that
significant fraction of the nanodiamonds in primitive meteorites were formed by shock transformation from graphite/amorphous
carbon in the interstellar medium. As noted above, this possibility has been immediately recognized after their discovery (Tielen:
et al. 1987), but more recent works have mostly concluded that a CVD-like process is more likely (e.g., daulton et al. 1996, Le
Guillou et al. 2006, 2007). However, CVD theory does not explain details on the 2.6 nm as an average size of the meteoritic
nanodiamonds, which may be related to the H-or N-related self-terminating crystal growth process (Sun et al. 2004) in the shock
wave front. On the other hand, the surface chemistry of the nanodiamonds shows a poor thermal stability between 850-135
oC (Lu et al. 2007) indicating the low-temperature crytallization process of the single diamond grains. These factors may alsc
support the shock wave origin of the meteoritic nanodiamonds.

Other processes that are possible in principle (see also Anders and Zinner 1998), but have received less attention, are photoly
of hydrocarbons (Buerki and Leutwyler 1991), annealing by UV photons (Nuth and Allen 1992) and transformation by energetic
particle irradiation (e.g., Ozima et al. 1997).

000 0O0: Allende, supernova, nanodiamonds, shock wave, interstellar media, meteorite
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Grov¥th Rate Measurement of Lysozyme Crystal using Interferometry for Space Experi-
men
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The growth rate of a lysozyme crystal in the solution under microgravity condition was measured at the Foton-M3 mission [1]
and at the parabolic flight experiment [2]. In both cases, the growth rate under microgravity condition was larger than that unde|
terrestrial condition. It was considered that the lack of buoyancy convection under the microgravity modifies the distribution of
impurity molecules nearby the crystal-solution interface. However, the reason why the growth rate increased under microgravit
was still not clear because the experimental data of the growth rate under microgravity was limited. In order to answer this ques
tion, we are planning to measure the growth rate of the lysozyme crystal under microgravity condition at the International Space
Station by in-situ observation.

We employ Michelson interferometer for the growth rate measurement at the Space experiment.The Michelson interferomete
is the strong instrument for the surface observation and the growth rate measurement because nano-order difference in height
the crystal surface can be measured by the interference fringes. However, the problem for the growth rate measurement using t
interferometer is the external disturbance like mechanical vibration and temperature changes, which makes difficult the measur
ment by moving the fringes. To avoid such disturbances, Tsukamoto et al. used the cell glass surface, on which a sample cryst
settled, as a reference to cancel the disturbance from the growth rate measurement [3]. Sato et al. used gold particles settled
the sample crystal surface as the reference [4]. These techniques are very powerful to measure the growth rate precisely, howey
they are not applicable for the Space experiment because of the following reasons. First, the reflected light from the lysozym
crystal surface is too weak comparing with that from the glass surface to observe clearly. Second, for the space experiment, go
particles cannot be used because they may not settle on the crystal surface but float in the solution under the microgravity conc
tion. To solve these problems, we use a glass plate is used as the reference to evaluate the external disturbance in the measurer
of the growth rate by using Michelson interferometer.

We set up the Michelson interferometer and carried out the growth rate measurement of lysozyme crystal on the growund as
pre-experiment. We put the glass plate at the side of the lysozyme crystal and observed surfaces of the crystal and the glass pl
simultaneously. The movement of the fringes on the glass plate is only due to the external disturbance, therefore, it is used t
cancel the disturbance from the fringe movement on the crystal surface. We obtained the growth rate of the lysozyme crystal an
compared the measured growth rate with the previous measurement [5]. We succeeded to measure the growth rate of an ordel
0.01 nm/s appropriately by the Michelson interferometer.

References
[1] Tsukamoto et al. (2008). J. Jpn.Soc.Microgravity Appl.25, 4, 730.
[2]Yamazaki (2010). Master thesis, Tohoku Univ.
[3] Tsukamoto et al. (1998). J. Jpn.Soc.Microgravity Appl.15, 2-9.
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To understand the mechanism of crystal growth in solution, it is very important to know the concentration field around the
growing crystal, especially, around the crystal-solution interface. Growth mechanism changes as the supersaturation increas
The solute concentration near the crystal-liquid interface, however, is smaller than that of the bulk solution because the cryste
grows by incorporating solute in the solution. Local concentration distribution in the crystal interface can cause instability of the
form on the crystal surface, it is important to determine the concrete concentration distribution in the crystal interface to discus:
the mechanism of the crystal growth. Therefore, to discuss the relation between the crystal growth mechanism and growth ra
of the crystal, it is necessary to measure the concentration around the crystal-liquid interface, not of the bulk.

There were many previous researches of measurement of the concentration field, but many of them were two-dimensional (:
D) observations, namely, only from one direction. However, the information obtained by the 2-D observations is integrated along
the direction of the observation, so the local information, e.g., concentration around the crystal-liquid interface, is not obtained.

To solve the problem on the 2-D observation, a method of computer tomography (CT) has been adopted by some authors. E
using the CT method, one can reconstruct the information of the three-dimensional concentration field around the growing cryste
based on 2-D observations obtained from several directions (3-D observation). Previous works of 3-D observations revealed tf
three-dimensional structure of solute convection around the growing crystal. However, there is quite a few observations of the
concentration field around the crystal-solution interface.

In the present study, we carry out 3-D observation to measure the three-dimensional concentration field very close to th
crystal-liquid interface growing in solution quantitatively. We newly develop two types of optics; microscopic Mach-Zehnder
interferometer.

For quantitative 3-D measurement of concentration field, we developed 3-D microscopic Mach-Zehnder interferometer. 3-D
observations by using our newly developed microscopic Mach-Zehnder interferometer can provide us the detailed informatior
of concentration field around a growing crystal with high magnification and high sensitivity.

For the application of the 3-D observation by using our Mach-Zehnder interferometer, we measured the concentration fielc
around protein crystal growing in solution. The growth rate of the protein crystal is quite low, so the decrease of concentration
in solution should be much smaller. The interference fringes obtained are straight, but curved slightly only in a very narrow
area close to crystal surface. In spite of the very small movements of the interference fringes, we successfully reconstructed tt
3-D concentration field around the growing protein crystal. From the reconstructed image, we identified two low concentration
regions on the vicinity of the crystal surface. These positions corresponded to the positions of spiral growth centers, which wer
observed by the confocal laser scanning microscope just after the growth experiment. The 3-D reconstruction of the concentratic
field around a protein crystal growing in solution was performed for the first time in this work.

This is the first time to confirm the correlation between the position of spiral growth center on the growing crystal surface and
the low concentration region obtained by the 3-D reconstruction. The 3-D observation system we developed in this study is
powerful tool to obtain the experimental data concerning the interaction between the concentration field and the layer-by-laye
growth mechanism on faceted crystal surface. It is expected that we can deepen the understanding of the layer-by-layer grow
theory based on the result of the quantitative 3-D observation.
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