














	 Home
	 Add Document
	 Sign In
	 Register





























Magnetic-Field-Induced Assemblies of Cobalt Nanoparticles 

	Home 
	Magnetic-Field-Induced Assemblies of Cobalt Nanoparticles


















The chains become floppy upon removal of the magnetic field, folding into .... Under the influence of an external magnetic field, Co nanoparticles ali... 






 0 downloads
 0 Views
603KB Size







 Download PDF 










































Recommend Documents














Spherical Assemblies of Semiconductor Nanoparticles in Water 


Mar 28, 1998 - Formation of silver nanoparticles in PVP matrix in supercritical CO2: Small-angle X-ray scattering and modeling. E. V. Shtykova , K. A. Dembo , V. V. Volkov , E. E. Said-Galiev , A. I. Stakhanov , A. R. Khokhlov. Nanotechnologies in Ru










 









Shell-Engineered Chiroplasmonic Assemblies of Nanoparticles for 


May 23, 2014 - Gold-Quantum Dot Core-Satellite Assemblies for Lighting Up MicroRNA In Vitro and In Vivo. Xueli Zhao , Liguang Xu , Maozhong Sun , Wei Ma ...










 









Stratified Assemblies of Magnetite Nanoparticles ... - ACS Publications 


Stratified Assemblies of Magnetite Nanoparticles ... - ACS Publicationshttps://pubs.acs.org/doi/full/10.1021/la990957j?src=recsysA deposition cycle consisted of the following steps: (1) adsorption of PDDA from 0.5% ... procedure is narrow: at pH










 









Monolithic Hierarchical Fractal Assemblies of Silica Nanoparticles 


Aug 23, 2012 - (LQD) at the Manuel Lujan, Jr., Scattering Center of the Los Alamos. National Laboratory.27 SANS scattering data were recorded in absolute.










 









Monolithic Hierarchical Fractal Assemblies of Silica Nanoparticles 


In that regard, polymer-cross-linked silica aerogels have emerged as strong ..... Abhishek Bang, Clayton Buback, Chariklia Sotiriou-Leventis, and Nicholas ...










 









Spherical Assemblies of Semiconductor Nanoparticles in Water 


Matthew Moffitt, H. Vali, and Adi Eisenberg* ... Mater. , 1998, 10 (4), pp 1021â€“1028. DOI: 10.1021/cm9705451. Publication Date (Web): March 28, 1998 .... indicated by the disappearance of the carboxylic acid doublet at 1738 and 1710 cm-1. ... Aqueo










 









Shell-Engineered Chiroplasmonic Assemblies of Nanoparticles for 


May 23, 2014 - State Key Lab of Food Science and Technology, School of Food Science and Technology, Jiangnan University, Wuxi, Jiangsu. 214122, P. R. China. â€¡. Department of Chemical Engineering,. Â§. Department of Materials Science,. âˆ¥. Departme










 









Stratified Assemblies of Magnetite Nanoparticles and Montmorillonite 


... Langmuirâ€“Schaefer Technique and Their Pyroelectric Currents Measured by a ...... Fusion of Seashell Nacre and Marine Bioadhesive Analogs: High-Strength ...










 









Linear and Polygonal Assemblies of Plasmonic Nanoparticles 


Aug 1, 2016 - The assemblies of metal nanoparticles, thanks to their intriguing plasmonic properties, have provided numerous opportunities for manipulating light at the nanoscale. Driven by the recent experimental success in using polarization of lig










 









Spherical Assemblies of Semiconductor Nanoparticles in Water 


Chih-Wei Wang , Ali Oskooei , David Sinton and Matthew G. Moffitt ..... Blake A. Simmons, Sichu Li, Vijay T. John, Gary L. McPherson, Arijit Bose, Weilie Zhou, ...










 


















© Copyright 2005 American Chemical Society
 
 DECEMBER 20, 2005 VOLUME 21, NUMBER 26
 
 Letters Magnetic-Field-Induced Assemblies of Cobalt Nanoparticles Guangjun Cheng, Danilo Romero, Gerald T. Fraser, and A. R. Hight Walker* Optical Technology Division, Physics Laboratory, National Institute of Standards and Technology, Gaithersburg, Maryland 20899-8443 Received March 9, 2005. In Final Form: July 21, 2005 Under the influence of a 0.05 T magnetic field, 15-nm diameter cobalt nanoparticles covered with surfactants in a colloidal solution assemble into highly constrained linear chains along the direction of the magnetic field. The magnetic-field-induced (MFI) chains become floppy after removal of the field, folding into three-dimensional (3D) coiled structures upon gentle agitation. The 3D structures are broken into smaller units with vigorous agitation. The nanoparticles redisperse into the solvent upon ultrasonic agitation. Optical microscopy and transmission electron microscopy (TEM) are used to characterize the morphologies of the nanoparticle assemblies at various stages of this reversible process. The hysteresis loops and zero-field cooled/field cooled (ZFC/FC) curves reveal the interparticle coupling in the assemblies. MFI assembly provides a powerful tool to manipulate magnetic nanoparticles.
 
 Introduction The self-assembled superstructures formed by nanoparticles are attracting increasing interest because of their potential application in the fabrication of nanodevices.1 Nanoparticles dispersed in a colloidal solution spontaneously assemble into well-ordered two-dimensional lattices, three-dimensional superlattices,2,3 and micron-sized rings4 * To whom correspondence should be addressed. E-mail: [email protected]. Tel: (301)-975-2155. (1) (a) Collier, C. P.; Vossmeyer, T.; Heath, J. R. Annu. Rev. Phys. Chem. 1998, 49, 371. (b) Pileni, M. P. J. Phys. Chem. 2001, 105, 3358. (c) Whitesides, G. M.; Boncheva, M. Proc. Natl. Acad. Sci. U.S.A. 2002, 99, 4769. (d) Rabani, E.; Reichman, D. R.; Geissler, P. L.; Brus. L. E. Nature 2003, 426, 271. (2) (a) Murray, C. B.; Sun, S.; Doyle, H.; Betley, T. MRS Bull. 2001, 26, 985. (b) Murray, C. B.; Sun, S. J. Appl. Phys. 1999, 85, 4325. (c) Sun, S.; Murray, C. B.; Weller, D.; Folks, L.; Moser, A. Science 2000, 287, 1989. (d) Zeng, H.; Li, J.; Wang, Z. L.; Liu, J. P.; Sun, S. Nature 2002, 420, 395. (e) Shevchenko, E. V.; Talapin, D. V.; Rogach, A. L.; Kornowski, A.; Haase, M.; Weller, H. J. Am. Chem. Soc. 2002, 124, 12480. (3) (a) Motte, L.; Billoudet, F.; Pileni, M. P. J. Phys. Chem. 1995, 99, 16425. (b) Taleb, A.; Petit, C.; Pileni, M. P. J. Phys. Chem. B 1998, 102, 2214. (c) Taleb, A.; Russier, V.; Courty, A.; Pileni, M. P. Phys. Rev. B 1999, 59, 13350. (d) Motte, L.; Lacaze, E.; Maillard, M.; Pileni, M. P. Langmuir 2000, 16, 3803. (e) Pileni, M.; Duxin, N. Chem. Innovation 2000, 30, 25.
 
 when deposited onto a substrate where the solvent can slowly evaporate. Recent advances in the synthesis of magnetic nanoparticles of controllable sizes and shapes2,5,6 illustrate their potential application in magnetic recording2 and medical sensors.7 The magnetic properties of these nanoparticles can be used to control the formation of their (4) (a) Ohara, P. C.; Heath, J. R.; Gelbart, W. M. Angew. Chem., Int. Ed. 1997, 36, 1077. (b) Ohara, P. C.; Leff, D. V.; Heath, J. R.; Gelbart, W. M. Phys. Rev. Lett. 1995, 75, 3466. (c) Maillard, M.; Motte, L.; Ngo, A. T.; Pileni, M. P. J. Phys. Chem. B 2000, 104, 11871. (d) Stowell, C.; Korgel, B. A. Nano. Lett. 2001, 1, 595. (5) (a) Puntes, V. F.; Krishnan, K. M.; Alivisatos, A. P. Science 2001, 291, 2115. (b) Puntes, V. F.; Alivisatos, A. P.; Krishnan, K. Appl. Phys. Lett. 2001, 78, 2187. (c) Puntes, V. F.; Zanchet, D.; Erdonmenz, C.; Alivisatos, A. P. J. Am. Chem. Soc. 2002, 124, 12874. (6) (a) Sun, S.; Zeng, H. J. Am. Chem. Soc. 2002, 124, 8204. (b) Zeng, H.; Li, J.; Wang, Z. L.; Liu, J. P.; Sun, S. Nano Lett. 2004, 4, 187. (c) Zeng, H.; Rice, P. M.; Wang, S. X.; Sun, S. J. Am. Chem. Soc. 2004, 126, 11458. (d) Hyeon, T.; Lee, S. S.; Park, J.; Chung, Y.; Na, H. B. J. Am. Chem. Soc. 2001, 123, 12798. (e) Cheon, J.; Kang, N.-J.; Lee, S.-M.; Lee, J.-H.; Yoon, J.-H.; Oh, S. J. J. Am. Chem. Soc. 2004, 126, 1950. (f) Shevchenko, E. V.; Talapin, D. V.; Schnablegger, H.; Kornowski, A.; Festin, O.; Svedlindh, P.; Haase, M.; Weller, H. J. Am. Chem. Soc. 2003, 125, 9090. (g) Redl, F. X.; Black, C. T.; Papaefthymiou, G. C.; Sandstrom, R. L.; Yin, M.; Zeng, H.; Murray, C. B.; O’Brien, S. P. J. Am. Chem. Soc. 2004, 126, 14583. (h) Hyeon, T. Chem. Commun. 2003, 927. (i) Leslie-Pelecky D. L.; Rieke, R. D. Chem. Mater. 1996, 8, 1770.
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 assembled structures, producing an advantage over nonmagnetic nanoparticles in some applications. Recently, it has been demonstrated that the magnetic interactions can be used to generate ordered 3D self-assembled structures.8 Magnetic fields have also been used to create 2D assemblies of magnetic nanoparticles at the liquidair interface9 and 1D assembled chains or 2D rings on solid substrates or TEM grids.10 Here we report on the formation of MFI assemblies of surfactant-coated cobalt (Co) nanoparticles in a colloidal solution. In contrast to the conventional drying-mediated assemblies of magnetic nanoparticles on solid substrates or TEM grids,10,11 the purpose of this study is to demonstrate the reversibility of MFI assemblies of Co nanoparticles in a colloidal solution. The viscosity of the solvent mediates the transport of the nanoparticles under the influence of a magnetic field. A 0.05 T magnetic field was applied to the colloidal solution to induce the Co nanoparticles to form centimeter-long and micron-wide chains constrained to linearity along the direction of the applied field. The chains become floppy upon removal of the magnetic field, folding into super-coiled 3D structures with gentle agitation. The 3D structures are fragmented into closed-loop structures upon more vigorous agitation. Optical microscopy and TEM have been used to characterize the morphologies of these MFI assemblies of Co nanoparticles. The magnetic properties have been carried out by hysteresis loops and ZFC/FC using a superconducting quantum interference device (SQUID) magnetometer.
 
 Letters
 
 Figure 1. Schematic illustration of the process of MFI assembly.
 
 Experimental Section Chemicals. Di-cobalt octa-carbonyl (Co2(CO)8) containing 1% to 5% hexane as a stabilizer, oleic acid (OA, 99%), toluene (99.8%, anhydrous), 1,2-dichlorobenzene (DCB, 99%, anhydrous), and methanol (99.8%, anhydrous) were purchased from Aldrich (Milwaukee, WI).12 Tri-octylphosphine oxide (TOPO, 90%) was purchased from Alfa Aesar (Ward Hill, MA).12 All chemicals were used without further treatment. Synthesis of Cobalt Nanoparticles. The synthesis of Co nanoparticles followed standard procedures.5,13 First, 0.25 g of TOPO and 0.1 mL of OA were degassed in Ar in a flask for 20 min. Then 15 mL of DCB was introduced into the flask under an Ar atmosphere. The solution was heated to the reflux temperature of DCB (∼182 °C), and 0.54 g of Co2(CO)8 diluted in 3 mL of DCB was quickly injected into the mixture. The reaction continued for another 10 min, and then the black colloidal solution was extracted using an airtight syringe and stored in a glass vial under Ar. (7) (a) Gu, H.; Ho, P.-L.; Tsang, K. W. T.; Wang, L.; Xu, B. J. Am. Chem. Soc. 2003, 125, 15702. (b) Xu, C.; Xu, K.; Gu, H.; Zhong X.; Guo Z.; Zheng, R.; Zhang, X.; Xu, B. J. Am. Chem. Soc. 2004, 126, 3392. (c) Gu, H.; Zheng, R.; Zhang, X.; Xu, B. J. Am. Chem. Soc. 2004, 126, 5664. (8) Love, J. C.; Urbach, A. R.; Prentiss, M. G.; Whitesides, G. M. J. Am. Chem. Soc. 2003, 125, 12696. (9) Grzybowski, B. A.; Stone, H. A.; Whitesides, G. M. Nature 2000, 405, 1033-1036. (10) (a) Wiedwald, U.; Spasova, M.; Farle, M.; Hilgendorff, M.; Giersig, M. J. Vac. Sci. Technol. A 2001, 19, 1773. (b) Petit, C.; Russier, V.; Pileni, M. P. J. Phys. Chem. B 2003, 107, 10333. (c) Sahoo, Y.; Cheon, M.; Wang, S.; Luo, H.; Furlani, E. P.; Prasad, P. N. J. Phys. Chem. B 2004, 108, 3380. (d) Tripp, S. L.; Pusztay, S. V.; Ribbe, A. E.; Wei, A. J. Am. Chem. Soc. 2002, 124, 7914. (11) (a) Bao, Y.; Beerman, M.; Krishnan, K. M. J. Magn. Magn. Mater. 2003, 266, L245. (b) Bao, Y.; Beerman, M.; Krishnan, K. M. J. Magn. Magn. Mater. 2004, 272-276, E1367. (c) Gao, Y.; Bao, Y.; Beerman, M.; Yasuhara, A.; Shindo, D.; Krishnan, K. M. Appl. Phys. Lett. 2004, 84, 3361. (12) We identify certain commercial equipment, instruments, or materials in this article to specify adequately the experimental procedure. In no case does such identification imply recommendation or endorsement by the National Institute of Standards and Technology, nor does it imply that the materials or equipment identified are necessarily the best available for the purpose. (13) Cheng, G.; Carter, J. D.; Guo, T. Chem. Phys. Lett. 2004, 400, 122.
 
 Figure 2. Photographs of MFI assemblies in a colloidal solution. (a) and (b) at stage II, (c) at stage III, and (d) at stage IV. The width of curvet in panels a and b is 1 cm, and the width of the vial in panels c and d is 1.5 cm. Purification of Cobalt Nanoparticles. The purification was performed in air. First, 1 mL of the Co nanoparticle colloidal solution was extracted and put into a glass vial. A magnet (Fisher Scientific, Pittsburgh, PA) with a 0.05-Telsa magnetic field strength was placed near the side wall of the glass vial.12 The black precipitates were attracted to the wall of the vial near the magnet. These precipitates were isolated by decanting the rest of the black solution. The resulting precipitate was re-dispersed in 2 mL of toluene. The whole process was repeated three times. Preparation of MFI Assemblies of Cobalt Nanoparticles. Figure 1 shows a schematic illustration of the MFI assembly process for Co nanoparticles in a colloidal solution. The purified Co nanoparticles disperse into 2 mL of toluene by ultrasonic agitation and form a black colloidal solution (stage I). When a magnet is placed near the side wall of the glass vial, the nanoparticles form centimeter-long linear chains visible by eye (stage II in Figure 1). These chains grow perpendicular to the side wall of the glass vial and are uniformly separated from each other, as shown in Figure 2a. Once the magnet is removed, the chains become floppy and are no longer constrained in position by the magnetic field. The chains settle to the bottom of the vial under the force of gravity and aggregate together (stage III in Figure 1 and Figure 2c). With gentle agitation of the solution, the floppy chains fold into coiled 3D structures (stage IV in Figure 1 and Figure 2d). Continued agitation breaks the 3D structure into micron-sized, closed-loop structures (stage V). With ultrasonic agitation, the nanoparticles redisperse into the toluene solvent, again forming a black colloidal solution (stage I). The cycle is repeatable. Optical Characterization. The MFI assemblies at stages II and V can be transferred onto silicon substrates. The morphologies of these assemblies on silicon substrates were characterized
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 Figure 3. Optical microscopy images of MFI assemblies on Silicon substrates. (a) Stage II with a high colloidal concentration. (b) Stage II with a low colloidal concentration. (c) Stage V. by white-light optical microscopy with a Renishaw Raman imaging microscope (Gloucestershire, United Kingdom).12 The silicon substrates were cleaned with ethanol before use. The samples for stage II were prepared by dropping the black colloidal solution onto a silicon substrate and placing the magnet close to the edge of the substrate. Co nanoparticles then formed chains on the substrate along the direction of the magnetic field. The samples for stage V were prepared by dropping the colloidal solutions at stage V onto the silicon substrate directly. The colloidal solution was allowed to dry under ambient conditions. TEM Characterization. Images and electron diffraction patterns of the MFI assemblies were obtained on a HITACHI H-600 transmission electron microscope (100 kV).12 TEM samples were prepared by dropping the dilute colloidal solution at stage III onto a carbon-coated TEM grid (Formvar/Carbon Cu grids, purchased from Ted Pella, Inc. Redding, CA).12 In this case, the solvent was allowed to evaporate in air. Magnetic Characterization. A superconducting quantum interference device (SQUID, Quantum Design MPMS HP-150) magnetometer was used to measure the magnetic properties of the MFI assemblies of Co nanoparticles.12 The sample was prepared by performing the MFI assembly process to stage III in a gel capsule, extracting the solvent, and drying the sample under ambient conditions. The hysteresis loops were recorded at 5 and 298 K. For the measurement of the zero-field cooled/field cooled (ZFC/FC) magnetization curves, three external magnetic field strengths were used, 15.9 kA/m (200 Oe), 39.8 kA/m (500 Oe), and 3.98 MA/m (50 000 Oe). The sample was first cooled to 5 K in the absence of the external magnetic field and then warmed to 300 K in the presence of an external magnetic field. The net magnetizations during the warm-up process were recorded as ZFC measurements. The FC measurements were performed after the ZFC measurements, and the net magnetizations were recorded when the sample was cooled from 300 to 5 K in the presence of an external magnetic field.
 
 Results and Discussion Figure 3 shows the optical microscope images of MFI assemblies of Co nanoparticles on silicon substrates. Figure 3a shows the morphology of the MFI assemblies at stage II. The centimeter-long and micron-wide chains formed at this stage are parallel to each other. When a more dilute colloidal solution is used, shorter and thinner chains are formed as shown in Figure 3b. Figure 3c shows the image of the closed-loop structures formed on a silicon substrate after the coiled 3D structure breaks into smaller subunits due to vigorous agitation. The diameters of the closed-loop structures vary from 1 to 10 µm, corresponding to 6-60 µm long chain fragments. To visualize the details inside the MFI assembly structures, a more dilute colloidal solution was used to prepare TEM samples. Figure 4, panels a and b, shows TEM images of the floppy chains at stage III in an area where the sample concentration of nanoparticles is high.
 
 Figure 4. TEM images of MFI assemblies at stage III on TEM grids. (a and b) A more concentrated area with increasing magnification; (c and d) a more dilute area with increasing magnification.
 
 Figure 4, panels c and d, shows similar images in an area where the nanoparticle concentration is low. The individual nanoparticles are clearly visible in Figure 4, panels b and d. As seen in the images, the chain configurations are retained, although they are no longer linear. The Co nanoparticles form lattices with hexagonal structures in areas of high particle concentration, as seen in Figure 4b. Theoretical calculations considering the magnetic dipole-dipole interaction support this observation.14 The sum of the individual nanoparticle dipoledipole energy between two parallel chains leads to an attractive interaction when the two chains are offset by a particle radius, analogous to the arrangements found in a hexagonal lattice structure. The interaction between the two chains is repulsive when there is no offset. 14 In regions where the nanoparticle concentration is low, the chains tend to form closed-loops at stage III as shown in Figure 4b. Also noteworthy is that the nanoparticles are separated from each other in these MFI assemblies presumably due to the surfactant layer. Selected-area electron-diffraction patterns show the characteristic diffraction rings of -Co nanoparticles.5,13 Though the nanoparticles are purified in air, there are no characteristic diffraction rings of cobalt oxides. These Co nanoparticles (14) Philipse, A. P.; Maas, Diana. Langmuir 2002, 18, 9977.
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 Letters
 
 Figure 5. Hysteresis loops measured at 5 and 298 K for MFI assemblies of Co nanoparticles.
 
 in MFI assemblies also have a narrow-size distribution. The average size of the nanoparticles is determined from a statistical sample of 400 particles to be 15 nm with a 1.4 nm standard deviation. The X-ray diffraction results are consistent with the electron-diffraction results. Figure 5 shows the hysteresis loops of MFI assemblies measured at 298 and 5 K. An expanded plot is shown in the insert for field strengths between -79.6 kA/m (-1000 Oe) and 79.6 kA/m (1000 Oe) As the temperature decreases from 298 to 5 K, the coercivity of the MFI assemblies increases from 4.0 (50 Oe) to 67.7 kA/m (850 Oe), and the remanence ratio (Mr/Ms, the ratio of coercivity of the remanence to the saturation magnetization) increases from 0.2 to 0.47. The presence of a nonzero coercivity and a nonzero remanence ratio at room temperature indicate that there exists a residual magnetic moment in the MFI assemblies. The MFI assemblies show strong ferromagnetic behavior at 5 K. The coercivity (67.7 kA/m (850 Oe)) and the remanence ratio (0.47) are much larger than the reported values for concentrated random Co nanoparticle assemblies (450 Oe coercivity and 0.15 remanence ratio),15 indicating the effect of ordering in our MFI assemblies. A higher magnetic field is required to reverse the magnetization for MFI assemblies than for randomly dispersed Co nanoparticle assemblies. The ZFC/FC magnetization curves in the presence of an external magnetic field confirm the magnetic interactions in the MFI assemblies (Figure 6). Typically, for noninteracting super-paramagnetic Co nanoparticles, with an increase in temperature, the magnetization in the ZFC curve increases gradually with temperature because the nanoparticles are able to reorient themselves for better alignment with the external magnetic field. A peak value in the ZFC curve is eventually reached, after which the magnetization decreases gradually with temperature because the thermal energy is sufficient to overcome the field-particle coupling. This peak corresponds to the blocking temperature of the superparamagnetic nanoparticles.2b As seen in Figure 6a, for a field strength of 15.9 kA/m (200 Oe), there is no obvious blocking temperature peak even when the temperature rises to 300 K. Instead, the ZFC curve reaches a plateau at 250 K. The FC curve is also different from the one for noninteracting Co nanoparticles,15 in which the net magnetization increases with the decrease of temperature because the spins can align (15) Gross, A. F.; Diehl, M. R.; Beverly, K. C.; Richman, E. K.; Tolbert, S. H. J. Phys. Chem. B 2003, 107, 5475.
 
 Figure 6. ZFC/FC curves with an external magnetic field strength of (a) 15.9 kA/m (200 Oe), (b) 39.8 kA/m (500 Oe), and (c) 3.98 MA/m (50 000 Oe).
 
 themselves better on average with the applied field as the thermal energy decreases. The magnetization in the FC curve for Co MFI assemblies does not change significantly as the temperature decreases from 300 to 5 K, indicating that the interparticle coupling in the MFI assemblies facilitating the alignment of the individual magnetic moments with the field is retained during the decrease of temperature. The broad blocking temperature range in the ZFC curve and the lack of variations in the FC curve with temperature were observed in a strong interparticle coupled Co nanoparticle system, in which Co nanoparticles were incorporated into a 1D mesoporous silica, forming 1D nanoparticle chains.15 Figure 6b shows the ZFC/FC magnetization curves at an external magnetic field strength of 39.8 kA/m (500 Oe). The ZFC/FC curves are similar to the 15.9 kA/m (200 Oe) curves except that the ZFC curve reaches a plateau at 200 K. There is still, however, no obvious blocking temperature peak. When a much stronger external magnetic field of 3.98 MA/m (50 000 Oe) is applied, the ZFC curve and FC curve are almost identical, as shown in Figure 6c. Here, the MFI assemblies are effectively magnetically saturated with the interparticle coupling and the external magnetic field cooperating to ensure the alignment of all of the particles with the magnetic field. In the literature, Co nanoparticles are reported to form structures such as rings and chains due to their magnetic dipole interactions.5a,10d,11 Co nanoparticles have also been reported to form chains on TEM grids2a,10a and on a graphite substrate10b in an external magnetic field. Fe3O4 nanoparticles have been reported to form long-range ordered assemblies on GaAs substrates in the presence of strong magnetic fields.10c Under the influence of an external magnetic field, Co nanoparticles align their magnetic dipole moments along the direction of the external magnetic field, forming linear chains in a colloidal solution. The external magnetic field exerts a torque on the magnetic dipole moments, forcing them to align with the field. The interparticle magnetic dipole-dipole couplings and the external coupling of the magnetic dipoles to the field favor linear chain growth along the magnetic-field flux lines. Figure 2, panels a and
 
 Letters
 
 b, shows that the linear chains follow the moving of the field lines with no evidence for the intraparticle exchange or rearrangement. The net consequence of the field reversal is a propeller-like rotation of the chains by 180° around their 2-fold axes to again align their supra dipoles along the magnetic field direction. The other possibility in which each of the individual magnetic dipoles reorient instead of whole chain rotation does not occur, demonstrating that the individual magnetic dipoles in the chain are strongly coupled to each other. When the magnetic field is removed, the chain structures are still retained due to the residual magnetic interactions and van der Waals interactions among the neighboring nanoparticles. However, since the chains are no longer constrained to linearity by the external field, they flex and bend. Some form closed-loops to take advantage of a head-to-tail orientation of the magnetic dipoles. These floppy chains attract each other and aggregate, reorganizing themselves to minimize the magnetostatic energy. Under gentle agitation, these chains fold together to form coiled 3D globular structures. Because of the weak interactions inside the 3D structures, vigorous agitation is able to fragment the structures into smaller closed-loop structures. The surfactants covering the nanoparticles also play important roles in the formation of the MFI assemblies. They provide the separation between neighboring nanoparticles, preventing direct contact of the Co surfaces of the nanoparticles, as verified by the TEM images.
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 Conclusion We demonstrate the formation of MFI assemblies of Co nanoparticles in a colloidal solution. In a colloidal solution, Co nanoparticles assemble into centimeter-long linear chains along the direction of the applied external magnetic field. The chain structures are retained after the removal of the magnetic field, but they lose their linearity, folding into coiled 3D structures with gentle agitation. The 3D structures break into smaller subunits upon more vigorous agitation, and the nanoparticles redisperse into the solvent under ultrasonic agitation. Hysteresis loops and ZFC/FC curves reveal the effects of interparticle coupling in these MFI assemblies. MFI assembly, appropriately harnessed, should provide a route to manipulate magnetic nanoparticles with potential application in the fabrication of magnetic nanodevices. Acknowledgment. We acknowledge the help of Dr. Tiejun Zhang and Dr. Lourdes Salamanca at University of Maryland, College Park for TEM measurements. We thank Ms. Rosetta V. Drew, Dr. Lawrence Bennett, and Dr. Robert D. Shull (Materials Science and Engineering Laboratory, NIST) for their help with SQUID measurements, and Dr. Igor Levin (Materials Science and Engineering Laboratory, NIST) for his help with XRD measurements. Finally, we would like to acknowledge Dr. David Dunmire for his preliminary work on this project. LA0506473
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