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Abstract We present the synthesis and magnetic properties of Co nanorods spontaneously organized in superlattices over a surface of several microns. This material results from the decomposition of a cobalt coordination precursor under hydrogen, in the presence of a long-chain amine and a longchain acid. This synthetic procedure permits a remarkable control over the size distribution of the nanorods (diameter of 5 nm and controllable mean length from 40 nm to 100 nm). The nanorods are monocrystals, and they are organized side by side along their long axis, in a direction perpendicular to the substrate exposing a surface of tips. Such layers are superposed forming 3D superstructures. These nanorod superlattices are ferromagnetic at r.t. and they are characterized by a strong coercive field as a consequence of their large magnetic anisotropy (magnetocrystalline and shape). Upon application of an external magnetic field the organization is improved even further, and this improvement is partially retained even after field removal. Therefore, this system can be considered as a good candidate for high density magnetic recording. © 2006 Elsevier B.V. All rights reserved. Keywords: Magnetic recording; Cobalt; Nanorods; Superlattices; Organization



1. Introduction The problem of magnetic materials, as media for the high density magnetic storage, is a representative example where chemically synthesized “hard” magnetic nanoparticles can play a determinant role. During the last decades, the density of information stored on a media increased rapidly reaching the value of 100 Gbits/in.2 [1]. For densities above the Terabits/in.2, the lateral size of each bit should be smaller than 10 nm. In order to achieve this order of density, it is necessary to be able to store the information of one bit on a single nanoparticle. The nanoparticles must be well isolated from each other, without magnetic exchange between them, to prevent too strong interaction effects. The ideal media require well-defined nanoparticles regularly organized into arrays, in order to address them with precision. An increase of the density implies the reduction of the size of the nano-objects. However, this size decrease of a ferromagnetic nanoparticle leads to the superparamagnetic transition, which means that the magnetic moment fluctuates from ⁎ Corresponding author. Tel.: +33 561559650; fax: +33 561559697. E-mail address: [email protected] (K. Soulantica). 0928-4931/$ - see front matter © 2006 Elsevier B.V. All rights reserved. doi:10.1016/j.msec.2006.09.010



one equilibrium position to the other, which corresponds to a loss of memory. A system based on a monolayer of selforganized nanorods oriented perpendicular to the plane would be an elegant solution for achieving a large density and a sufficiently large magnetic volume to push the superparamagnetic limit above room temperature. Our group had already synthesized cobalt nanorods by thermal decomposition of an organometallic precursor under mild conditions. The decomposition reaction of [Co(η3-C8H13) (η4-C8H12)] in the presence of a long-chain amine and a longchain acid as stabilizing agents leads to cobalt nanorods [2]. Recently, we used another cobalt precursor, the bis(bis (trimethylsilyl)amido)cobalt (II), Co[N(SiMe3)2]2 [3], which turned out to be a convenient alternative due to its easy synthesis and its long “shelf life”. We found out that this compound, combined with one equivalent of hexadecylamine (HDA) and one equivalent of lauric acid (LA), upon decomposition gives Co nanorods. The nanorods are very homogeneous in diameter which is constant (5–6 nm) while their mean length is adjustable (40–100 nm) depending on the decomposition conditions. They are single crystalline, and they are spontaneously organized side by side along their long axis,
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in a direction perpendicular to surface of the TEM grid, exposing a surface of tips. Such layers are superposed forming 3D superstructures. These nanorod superlattices are ferromagnetic at r.t. and they are characterized by a strong coercive field as a consequence of their large magnetic anisotropy (magnetocrystalline and shape). As a consequence of their large size, they conserve their ferromagnetic properties above room temperature.



was followed, and the conditions of decomposition were varied as discussed below. The magnetization measurements have been performed on an MPMS-5T Quantum Design Superconducting QUantum Interference Device magnetometer. The SQUID measurements were run on solid or liquid samples prepared in the glove box.



2. Experimental



The decomposition reaction of Co[N(SiMe3)2]2 in the presence of lauric acid and hexadecylamine (1:1) under 3 × 105 Pa of hydrogen allowed to obtain, after 48 h at 150 °C, cobalt nanorods with an average length of 100 nm and a diameter of 5 nm (Fig. 1). They are monocrystals, displaying a hexagonal compact bulk phase with the c-axis along the long axis of the nanorods as verified by electron diffraction and HREM. Moreover, as we see in Fig. 1 most of them are organized side by side along their long axis, in a direction perpendicular to the substrate, exposing a surface of tips. Even if nanorods are the major product, spherical nanoparticles of a mean diameter of 4 nm as well as ill-defined aggregates of about 40 nm are present in the final product. We are able to modify the mean length of the produced nanorods without any significant modification of their diameter by varying the reaction time and the hydrogen pressure, and keeping all other parameters constant (ligand nature, ligand ratio, temperature, solvent). As far as the effect of the reaction time is concerned, the interruption of the reaction at 6 h gives rise to shorter nanorods of 40 nm mean length, which are also organized in superlattices as we can see in Fig. 2. A reaction of 24 h resulted in nanorods of almost 100 nm, indicating that the reaction is almost complete after this time period. Keeping the rest of the parameters identical, apart from the H2 pressure which was lowered to 1 × 105 Pa, we were able to synthesize cobalt nanorods of a length of 55 nm and a diameter of 6 nm. This result is not surprising, considering the fact that H2 is the reducing agent and its concentration should affect the decomposition rate of the molecular precursors present in the reaction medium. In all the cases, these nanorods are quite monodisperse and their diameter does not change significantly. Even if we cannot rule out the influence of magnetic dipolar interactions due to the magnetic moment of the nanorods in their



All manipulations were carried out using standard Schlenck techniques. A glove box was used for the preparation of the starting solutions. All solvents used were freshly distilled, and degassed. Cobalt II chloride anhydrous (CoCl2, 99.7%) was purchased from Alfa Aesar. Lithium bis(trimethylsilyl)amide (LiN(SiCH3)2, 1.0 M, solution in tetrahydrofuran) and anhydrous anisole (99.7%) were obtained from Aldrich. Lauric acid (dodecanoic acid, LA, 99.5%) was obtained from Acros Organics, and hexadecylamine (HDA, 99%) from Fluka. They were kept in the glove box and were used without any further purification. Co[N(SiMe3)2]2 was prepared by a published method [3]. TEM characterization was performed by either with a JEOL transmission electron microscope (TEM) model JEM200CX operating at 120 kV or a JEM-1011 operating at 100 kV, HREM with a JEOL-2010 operating at 200 kV and SEM with a JEOL scanning electron microscope 6700F (SEM-FEG). Samples of TEM, HREM and SEM were prepared on amorphous carbon coated Cu grids by drop casting toluene solution and allowing them to air dry. For the preparation of nanorods of an average length of 100 nm, 379 mg (1 mmol) of Co[N(SiMe3)2]2, 241 mg (1 mmol) of HDA and 200 mg (1 mmol) of lauric acid were dissolved in 20 ml of dry anisole in a Fischer-Porter reactor. The reaction mixture was placed under 3 × 105 Pa of H2 pressure and heated for 48 h at 150 °C, in an oil bath with magnetic stirring. The mixture was cooled down to r.t. and the H2 was evacuated and replaced by Ar. The brown solution was removed and the solid which remained on the walls of the reactor and around the magnetic stirrer was dried under vacuum. For the preparation of nanorods of different lengths the same preparation procedure



3. Results and discussion



Fig. 1. (a) TEM and (b) SEM micrographs of self-assembled cobalt nanorods (100 × 5 nm).
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Fig. 2. (a) TEM and (b) SEM micrographs of self-assembled cobalt with long range order nanorods (40 × 5 nm).



organization in superlattices, the organic ligands which surround the nanorods should play a role in the organization [4]. Electrostatic attractions between the acid and amine moieties of the ligands, as well as hydrogen bond formation and chain– chain interactions, are probably at least partially responsible for the arrangement of the nanorods in superlattices. In fact, the organization of non-magnetic nanoparticles in superlattices has been observed before with similar ligands [5]. The fact that the organization of the nanorods is much worse when a hot solution is deposited on a TEM grid, is an indication of a possible participation of chain–chain interactions, which is lost at higher temperature. Binary mixtures of long-chain ligands are very often used for the preparation of various size and shape controlled nanocrystals by chemical methods [6]. As far as the shape of the nanocrystals is concerned, it has been demonstrated that the selective reactivity of a certain ligand towards the different crystallographic facets of a crystal structure, can affect the shape and the size of the crystal by controlling kinetically the growth rates of the various facets of the seeds [7]. In our case, it is possible that the long acid, which is a better stabiliser than the amine, is preferably coordinated along the c-axis of the



nanorods, while the amine, which is preferentially attached on the extremes, is easily de-coordinated to permit the growth of the nanorod along the c-axis. However, the role of the ligands can be more complex than just stabilisers of crystallographic facets. Upon introduction of Co[N(SiMe3)2]2 into the mixture of ligands, equilibrium is established. Each species formed can have a different rate of decomposition, contributing to the nucleation and to the growth of the nanocrystals to a different degree [8]. We believe that amine rich complexes are easily decomposable species, that form the first nuclei for the subsequent slow decomposition of more stable Co carboxylate-rich compounds, which serve as “reservoir” keeping a high monomer concentration in solution, a prerequisite for the formation of high aspect ratio nanocrystals [9]. Indeed, the decomposition of Co[N(SiMe3)2]2 in the presence of 2 equivalents of LA is incomplete after 48 h and gives rise to nanocrystals of various regular shapes, whereas the decomposition of Co[N(SiMe3)2]2 in the presence of 2 equivalents of HDA is very fast and leads to a product of nanocrystals with irregular shapes. The spherical particles are present in all our crude products and from the beginning of the reaction. Their constant presence in our sample may have two



Fig. 3. Magnetization curves measured at 2 K for a nanorod sample (100 × 5 nm) measured after a zero field cooling (ZFC) (full line), and after a field cooling from 300 K down to 2 K at a magnetic field of 5 T (FC) (dashed line).



Fig. 4. Magnetization curves measured at 2 K for cobalt nanoparticles sample with a major part of nanorods (100 × 5 nm) in toluene measured after a ZFC (full line), an FC 300 K down to 2 K at a magnetic field of 5 T (dashed line) and a final ZFC after heating at 300 K (point line).
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Fig. 5. Magnetization curve measured at 300 K for a nanorod sample (40×5 nm).



origins. First possibility is that the nucleation of new particles is not limited to the beginning of the reaction, but continues for the whole duration of decomposition. A second possibility is that the particles come from the parallel decomposition of one of the precursors present in the solution. They can be eliminated by repeated centrifugations. The magnetic properties of the organized nanorods have been investigated. As can be seen in Fig. 3, the hysteresis curves measured at 2 K are characteristic of ferromagnetic materials (full line). The magnetization measured after the field cooling (FC) procedure from 300 K down to 2 K under a magnetic field of 5 T leads to a higher remnant magnetization and a stronger coercive field (dashed line). Interestingly, the hysteresis loop remains symmetric, which is a clear indication that no thick Cooxide layer has been formed on nanorod's surface. We interpret the increase of the remnant magnetization as a result of a possible reorientation of the entire group of the organized nanorods by the magnetic field, as a consequence of the large magnetic anisotropy of the nanorods. Indeed, the organization upon application of a magnetic field is further improved, when instead of a solid sample a toluene solution of the nanorods is employed. The measurements shown in Fig. 4 evidence the increase of the remnant magnetization and the coercive field after an FC from 300 K to 2 K during which a 5 T magnetic field is applied (dashed line) as compared to the hysteresis curve after a Zero Field Cooling ZFC (full line). During the FC procedure, as the temperature is cooled down to 178.5 K, the toluene freezes, preventing the movement of the nanorods, which have already been aligned due to the application of a 5 T magnetic field. After returning to 300 K without any field, another ZFC (point line) shows that the coercive field and the remnant magnetization are reduced, but not at their initial values, which means that the organization is partially conserved once the magnetic field has been removed. However, even if the square shape of the hysteresis loops is more pronounced after an FC procedure, shoulders on the hysteresis curves still remain, which is attributed to the presence of spherical particles. Indeed, the same magnetic measurements performed on a sample with a major part of spherical nano-
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particles showed hysteresis curves with a weak coercive field (one order of magnitude lower). In this case, after the field cooling procedure from 300 K down to 2 K under a magnetic field of 5 T, we did not observe any increase either of the remnant magnetization, or of the coercive field, in agreement to what is expected for the small spherical particles. We also investigated the magnetic properties of shorter nanorod (40 × 5 nm) superlattices. Hysteresis curves of this material are quite similar to those obtained with longer nanorods. We did not notice any marked difference of the magnetic behaviour at 2 K between the 40 nm and the 100 nm nanorods. For all these systems, the magnetization curves display large coercivities as a consequence of their large anisotropy. Since the nanorods are single crystalline with the c-axis along the nanorod, the magnetic anisotropy is the sum of the magnetocrystalline and shape anisotropy leading to a value in the range of 107 ergs/cm3 [2]. As a consequence, the anisotropy fields can be estimated up to 14 kG (1.4 T), leading to coercive fields of several kG depending on the orientation of the nanorods with respect to the applied magnetic field, which is within the range of the measured values. The magnetization curve of a solid sample of short nanorods (40 × 5 nm) at room temperature is shown in Fig. 5. As expected, the coercive field is diminished but the material remains ferromagnetic. 4. Conclusion The system Co[N(SiMe3)2]2/HDA/LA in a 1:1:1 ratio upon decomposition under an H2 atmosphere gives rise to Co nanorods which are spontaneously organized in superlattices. By modifying the reaction time and the hydrogen pressure we are able to prepare nanorods of variable length and a fixed diameter. We know from previous studies [2] that by modification of the type of the ligands we can also influence the diameter of the nanorods. We have in our hands a versatile system that can give access to a large variety of Co nanorods, which can respond to several demands depending on the application. This material is ferromagnetic and it has a strong coercive field (1.2 T at 2 K). We have shown that we can force the alignment of the nanorods by application of a magnetic field. An aspect ratio of about 10 is enough to confer to the material the magnetic properties needed for applications in high density magnetic storage. Acknowledgment This work was supported by the European project SANANO (Contract No. STRP 013698). We thank TEMSCAN and V. Collière for the TEM/SEM studies and A. Mari for the SQUID measurements. References [1] E.R. Childers, W. Imaino, J.M. Eaton, G.A. Jaquette, P.V. Koeppe, D.J. Hellman, IBM J. Res. Develop. 47 (2003) 471. [2] F. Dumestre, B. Chaudret, C. Amiens, M.-C. Fromen, M.-J. Casanove, Ph. Renaud, P. Zurcher, Angew. Chem., Int. Ed. Engl. 41 (2002) 4286; F. Dumestre, B. Chaudret, C. Amiens, M. Respaud, P. Fejes, Ph. Renaud, P. Zurcher, Angew. Chem., Int. Ed. Engl. 42 (2003) 5213.
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