
 Open access  Journal Article  DOI:10.1109/20.951126

Synthesis, structural order and magnetic behavior of self-assembled /spl epsi/-Co
nanocrystal arrays — Source link 

V.F. Puntes, Kannan M. Krishnan

Institutions: University of California, Berkeley, Lawrence Berkeley National Laboratory

Published on: 01 Jul 2001 - IEEE Transactions on Magnetics (IEEE)

Topics: Magnetization, Paramagnetism, Magnetic nanoparticles, Magnetic hysteresis and Ferrofluid

Related papers:

 Molecular ruler for scaling down nanostructures

 Synthesis of monodisperse cobalt nanocrystals and their assembly into magnetic superlattices (invited)

 A Solution-Phase Chemical Approach to a New Crystal Structure of Cobalt.

 Synthesis of hcp-Co nanodisks

 Synthesis, self-assembly, and magnetic behavior of a two-dimensional superlattice of single-crystal ε-Co nanoparticles

Share this paper:    

View more about this paper here: https://typeset.io/papers/synthesis-structural-order-and-magnetic-behavior-of-self-
37ld1srwa9

https://typeset.io/
https://www.doi.org/10.1109/20.951126
https://typeset.io/papers/synthesis-structural-order-and-magnetic-behavior-of-self-37ld1srwa9
https://typeset.io/authors/v-f-puntes-20y220v3t2
https://typeset.io/authors/kannan-m-krishnan-9g096tvbwd
https://typeset.io/institutions/university-of-california-berkeley-24veh4gb
https://typeset.io/institutions/lawrence-berkeley-national-laboratory-2kbhbepv
https://typeset.io/journals/ieee-transactions-on-magnetics-1kvv7vlz
https://typeset.io/topics/magnetization-1elppm5p
https://typeset.io/topics/paramagnetism-3fjiz7xp
https://typeset.io/topics/magnetic-nanoparticles-724fm3ir
https://typeset.io/topics/magnetic-hysteresis-1q5k8rdy
https://typeset.io/topics/ferrofluid-2e35vuet
https://typeset.io/papers/molecular-ruler-for-scaling-down-nanostructures-ctz7lc7kgp
https://typeset.io/papers/synthesis-of-monodisperse-cobalt-nanocrystals-and-their-d4oc5lagqc
https://typeset.io/papers/a-solution-phase-chemical-approach-to-a-new-crystal-vos272o0ql
https://typeset.io/papers/synthesis-of-hcp-co-nanodisks-3drntnm28j
https://typeset.io/papers/synthesis-self-assembly-and-magnetic-behavior-of-a-two-1sehiw6g6g
https://www.facebook.com/sharer/sharer.php?u=https://typeset.io/papers/synthesis-structural-order-and-magnetic-behavior-of-self-37ld1srwa9
https://twitter.com/intent/tweet?text=Synthesis,%20structural%20order%20and%20magnetic%20behavior%20of%20self-assembled%20/spl%20epsi/-Co%20nanocrystal%20arrays&url=https://typeset.io/papers/synthesis-structural-order-and-magnetic-behavior-of-self-37ld1srwa9
https://www.linkedin.com/sharing/share-offsite/?url=https://typeset.io/papers/synthesis-structural-order-and-magnetic-behavior-of-self-37ld1srwa9
mailto:?subject=I%20wanted%20you%20to%20see%20this%20site&body=Check%20out%20this%20site%20https://typeset.io/papers/synthesis-structural-order-and-magnetic-behavior-of-self-37ld1srwa9
https://typeset.io/papers/synthesis-structural-order-and-magnetic-behavior-of-self-37ld1srwa9


2210 IEEE TRANSACTIONS ON MAGNETICS, VOL. 37, NO. 4, JULY 2001

Synthesis, Structural Order and Magnetic Behavior of
Self-Assembled "-Co Nanocrystal Arrays

Victor F. Puntes and Kannan M. Krishnan

Abstract—The synthesis of magnetic nanoparticles with
monodispere size distributions, their self assembly into ordered
arrays and their magnetic behavior as a function of structural
order (ferrofluids and 2D assemblies) are presented. Magnetic
colloids of monodispersed, passivated, cobalt nanocrystals were
produced by the rapid pyrolysis of cobalt carbonyl in solution.
The size, size distribution (std. dev. 5%) and the shape of
the nanocrystals were controlled by varying the surfactant, its
concentration, the reaction rate and the reaction temperature. The
Co particles are defect-free single crystals with a complex cubic
structure related to the beta phase of manganese ( -Co). In the
2D assembly, a collective behavior was observed in the low-field
susceptibility measurements where the magnetization of the zero
field cooled process increases steadily and the magnetization of
the field cooling process is independent the temperature. This was
different from the observed behavior in a sample comprised of
disordered interacting particles. A strong paramagnetic contribu-
tion appears at very low temperatures where the magnetization
increases drastically after field cooling the sample. This has
been attributed to the Co surfactant-particle interface since no
magnetic atomic impurities are present in these samples.

Index Terms—Chemical synthesis of ferrofluids, Co nanocrys-
tals, finite size effects, self assembly.

I. INTRODUCTION

N
ANOSCALE and nanoparticle materials are expected to

exhibit unusual chemical and physical properties different

from those of either the bulk materials or single atoms [1], [2].

Properties such as ferro- or ferri-magnetism as well as super-

conductivity are not intrinsic to a molecule or an ion but arise

from a cooperative solid-state (bulk) behavior. Such properties

are a consequence of the interactions between the molecules or

ions and hence, methods to predict, control and modulate the

solid state structure are essential to the understanding and ma-

nipulation of such behavior.

Studies of the magnetic properties of fine particles have been

complicated by the difficulties arising from their dispersions in

size, shape, surface defects and poor crystallinity. Thus, devel-

opment of new methods for the preparation of monodispersed

magnetic particles is crucial to deconvolute finite-size, inter-

actions and surface effects. In addition, conventional magnetic

storage technology is rapidly approaching its scaling limit [3].

Thin granular films of sputtered ferromagnetic nanocrystals are

the basis of conventional magnetic storage (hard drives) devices.
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Progress in magnetic recording density is due, in part, to the de-

velopment of media with increasingly finer grain sizes. How-

ever, to have a sufficient signal to noise ratio in the recorded

signal, the number of grains needed to store a bit is about thou-

sand grains [3]. The study of magnetic nanoparticles is thus

of both fundamental and pressing technological interest as the

grain size of the advanced recording media is rapidly shrinking

toward the superparamagnetic size (about 10 nm for hcp Co)

limit.

Different magnetic nanoparticles, such as Co [4] and FePt [5],

have been recently synthesized by chemical reduction methods.

Other methods include the reverse micelle technique for the syn-

thesis of Co particles [6]. Those particles may display a twin

crystal structure and chemical contamination from the solvent,

the reducing agent or the precursor. In addition, a size selec-

tive precipitation is often required in order to obtain a narrow

( %) size dispersion, which also seems to be the prerequisite

to obtain 2D self-assemblies [7].

II. SYNTHESIS AND STRUCTURE

Rapid injection of organometallic reagents in a hot coordi-

nating solvent produces a temporally discrete homogeneous nu-

cleation and has been mainly employed for the production of

monodisperse, passivated, semiconductor nanocrystals [8]. Fol-

lowing this approach, in this paper we present a new method for

the production of magnetic colloids (ferrofluids) of stabilized

cobalt nanocrystals based on the rapid pyrolysis of the organic

precursor Co (CO) in an inert (Ar) atmosphere and in the pres-

ence of an organic surfactant (oleic acid and trioctylphosphonic

acid) at high temperatures. These conditions lead to extremely

narrow size distributions. The size and shape of the Co particles

are controlled via the surfactant, its concentration and temper-

ature of the reaction. The surfactant has the ability to control

the size and shape of the synthesized nanocrystals by tuning the

surface tension of the growing particle. In addition, it prevents

their agglomeration, passivates them against oxidation and de-

termines the interparticle distance in the dried samples; how-

ever, the surfactant may also affect the uniformity or magni-

tude of the magnetization due to quenching of surface moments.

Colloidal solutions of Co nanocrystals are stable over months

and no evidence for the formation of CoO or Co O has been

observed.

Passivated Co nanocrystal particles with well defined

shapes, i.e., spheres (3 to 17 nm), cubes and rods (Fig. 1)

with nearly monodisperse (std. dev. %) size have been

produced by the injection of a saturated solution of Co (CO)

in o-Dichlorobenzene (3 ml) in an o-dichlorobenzene hot bath
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Fig. 1. BF TEM images of 10 nm spherical Co particles, 25 nm Co cubes and
4 : 4 : 10 nm Co rods, respectively.

(a)

(b)

Fig. 2. BF TEM image of 10 nm spherical Co particles. (a) First monolayer.
(b) First two monolayers or a bilayer.

(12 ml). The surfactant is present in the hot bath at concentra-

tions of about 1%.

In this paper we will discuss the magnetic properties of the

spherical particles and their arrays by self assembly. XRD pat-

terns [9] showed that the particles are -Co single-crystals, pre-

senting a complex cubic structure related to the beta phase of

the manganese [10].

These particles have been observed to produce 2D

self-assemblies [Fig. 2(a)] when evaporated at low rates

in a controlled atmosphere, provided that the particle size

distribution is narrow enough and the initial concentration

is appropriate. Thus, larger concentrations will produce 3D

self-assemblies. The assembly is determined by the size of the

crystals and the thickness of the coating layer, which generally

is about 2 nm. Hexagonal arrangement of the particles is

observed in these self-assemblies. Large areas of regular hexag-

onal assemblies have not been observed in the larger particles

(above the superparamagnetic-ferromagnetic transition, i.e.,

∼ 12 nm) due to the strong dipole–dipole interactions during

agglomeration. Higher initial concentrations lead to 3D self

Fig. 3. ZFC/FC curves measured at 50 Oe. (a) An ordered 2D self assembly
of 10 nm "-Co crystals. (b) Disordered agglomeration of 10 nm "-Co crystals.

assemblies where the particles in the second layer occupy sites

determined by close-packing arrangements [Fig. 2(b)].

Microstructural analysis using characteristic x-rays or fine

structure in electron energy-loss spectroscopies in a TEM with

a field emission source and operated in the fine probe ( nm)

mode did not show any significant evidence for the presence of

CoO in the particles surface.

III. MAGNETIC BEHAVIOR

Magnetic properties of those nanoparticles have been studied

from zero-field cool and field cool (ZFC/FC) magnetization

curves and from hysteresis loops at different temperatures. -Co

is a soft magnetic material that displays a magnetocrystalline

anisotropy between that of the fcc and hcp structures. From

the hysteresis loops the anisotropy has been estimated to be

erg/cm at room temperature [11]. For both hcp

and fcc Co, the particles are expected to be single domains [12]

at sizes smaller than 70 nm; thus we expect a similar limit in

-Co which has a comparable anisotropy.

The ZFC/FC curves of a 2D nanocrystal array [Fig. 3(a)] ere

recorded at 50 Oe. The measured sample is the TEM grid im-

aged in Fig. 1 with over an 80% of 2D self assembly coverage.

The ZFC shows a gradual increase of the magnetization up to
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(a) (b)

(c) (d)

Fig. 4. Hysteresis loops of: in-plane magnetization of a 2D self assembly of
10 nm Co particles. (a) 5 K. (b) 275 K. Hysteresis loop of the dried powder.
(c) 5 nm Co spherical particles. (d) 9 nm Co spherical particles.

around 47 K which suggest a progressive rotation of the mag-

netization of blocked magnetic particles toward the field direc-

tion. At 47 K the magnetization, instead of forming a peak as

expected for small particles [12], steadily increases up to RT.

Between 47 and 300 K the FC curve is completely flat, all in all

suggesting a ferromagnet-like behavior. This could be explained

by considering that dipolar interactions in highly-ordered parti-

cles systems could be magnetizing [13], while in more disor-

dered systems dipolar interactions are generally demagnetizing

[14].

In the ZFC/FC curve of a disordered sample [Fig. 3(b)], we

observe the expected behavior for a collection of interacting

particles, with a broad maximum in the ZFC curve. The sam-

ples were prepared by dispersing the dried particles in oleic

acid which solidifies at 16 C. The peak is around 40 K, which

is larger than that expected for a noninteracting sample, due

to the effect of interactions shifting the energy barrier distri-

bution to higher values. Interactions are able to overcome the

thermal decay and the superparamagnetic state is not reached

below room temperature. The strong increase in the FC curve

at low is probably due to the fact that some particles aligned

themselves to the applied field at high (250–300 K) whilst the

oleic acid was viscous. A strong paramagnetic contribution has

been observed in the FC curve at very low temperatures where

the magnetization increases drastically after field-cooling the

sample. This has been attributed to the Co-surfactant particle in-

terface since no magnetic atomic impurities are present in these

samples.

A small hysteresis is observed at low and it disappears at

larger [Fig. 4(a) and (b)] where the thermal energy progres-

sively overcomes the interactions. At high fields ( Oe)

the diamagnetic contribution of the substrate is observed in the

negative slope of the magnetization curve. Paramagnetic effects

in the 2D array appear at very low temperature, thus they are not

observed in the hysteresis loops.

The hysteresis loops at room temperature of the dried powder

for two different particle sizes is shown in Fig. 4(c) and (d).

The smaller Co spheres (5 nm) dried sample is more difficult to

magnetize (saturation field larger) than the larger (9 nm) ones.

The former also displays a larger superparamagnetic contribu-

tion at high fields and a lower magnetization, both probably re-

lated to finite-size and surface effects which increase with de-

creasing particle size [15]. In agglomerated samples, where the

surfactant has been removed by heating under vacuum, as ex-

pected, bulk-like behavior is observed (not shown). The satura-

tion field is smaller for the 2D self assembly than for the disor-

dered samples. This confirms the magnetic collective behavior

of the former in contrast to the behavior of a random collection

of magnetic nanoparticles.

In conclusion, in this paper, we report the synthesis of

monodispersed single crystal cobalt nanoparticles. The mag-

netic properties of these samples appear to depend as much

on the structure of the particle as on the ordering of those

particles, showing a collective, ferromagnetic-like, behavior for

the close packed self assembled particles arrays. This behavior

is different from that commonly observed in samples with a

larger dispersion in sizes, shapes or interparticle distances.
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