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After a presentation of structural aspects of iron-based nanocrystalline aloys, the magnetic
behaviours of those two-phase magnetic structures are conceptually discussed at high
temperatures as a function of the crystalline volumetric fraction, on the basis of the magnetic
correlation length compared to the distances between crystdline grains. In addition, some
results predicted by an approach based on Monte-Carlo simulation are then briefly presented:
they show a qualitative agreement with experimental results.
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1. Introduction

Over the last decades, the structural [1-4] and magnetic properties [5-7] of nanoscale
magnetic materials have been widdy investigated because these materias can be applied for magnetic
and dectromagnetic devices, which require either hard or soft magnetic materials. Soft magnetic
applications include i nductive devi ces, transformers while hard magnetic systems are of great interest
for permanent magnets and magnetic storage media. It is also important to emphasize the emergence
of spring exchange magnets which result from both hard and soft magnetic grains. Their total
magnetic properti es which do combine both the large coercivities and the large inductions of hard and
soft magnetic grains, respectively, are also dependent on the degree of magnetic coupling between the
different magnetic phases. The magnetic properties of nanostructured magnets which can be described
as nanoscal e heterogeneous systems are also dependent on the magnetic nature of the matrix and on
the magnetic coupling between the different grains, which is now governed by the magnetic
correlation lengths. Indeed, the change from microcrystalline to nanocrystalline scal e systems implies
to revise some basic concepts to understand their magnetic behaviours.

In microcrystalline magneti c systems, the magnetic energy results from the sum of the field
Zeeman energy originated from the exchange coupling, the demagnetization energy, the wal energy
due to the presence of both magnetic domains and magnetic walls, and the magnetic anisotropy
energy due to magnetocrystalline, shape and stress contributions. It isimportant to remember that the
magnetic anisotropy represents an energy barrier to the magnetization switching. In soft magnetic
materias, both the minimum of hysteretic losses and the maximum of permeability are due to small
magnetic anisotropy. Low magnetocrystalline anisotropy is thus observed in cubic phases while stress
anisotropy is reduced in nearly zero magnetostrictive alloys and shape anisotropy reated to
demagnetizing effects vanishes with large magnetic grains. Let us note that the lack of crystaline
lattice in amorphous alloys favours low magnetic anisotropies. On the contrary, important magnetic
anisotropies are required in hard magnetic systems, as induced by anisotropic crystaline structures
and large spin-orbit interactions. Finaly, the presence of structural defects and impurities, so called
pinning sites, and their concentration are the key points for the occurrence of domain walls in multi-
domain magnetic materials. The understanding of the nud egtion, the propagation and the annihilation
of domain walls remains a relevant stage in developing soft magnetic materials. It is thus clearly
established that the magnetic performances of soft magnetic materials can be improved after
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controlling their microstructures and optimizing the processing conditions, while two-phase
mi crostructures with pinning phases are necessary to enhance magnetic properties in the case of hard
magnetic materials. One important characterigtic is the magnetic exchange corrdation length which
has to be compared to the grain size and the distance between grains (noted as A), asit is schematized
inFig. 1.
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Fig. 1. Schematic representation of atwo-phase Fig. 2. Coercive field versus grain size where several
magnetic system where the magnetic correlation data are reported and agree with two main behaviours:
length has to be compared to the intergrain (1G) 1/D and D° where D isthe diameter of the crystalline
distance A. grain (seetext). (after [14]).

Nanocrystalline and nanostructured magnetic systems consist of grains, whose diameter is
generally ranging from ~ 1 up to 50 nm. It is thus obvious to understand that the fundamental aspects
previously described have to be revised. The different contributions to magnetic anisotropy in
nanocrystalline systems strongly differ from those in microcrystalline systems. In addition, the
concept of domain walls disappears because the nanocrystalline grains behave as single magnetic
domain. However, the magneto-crystalline anisotropy of an assembly of nanocrystalline grains
randomly distributed can be modelled by means of the random anisotropy model. This approach
initially developped by Alben et a [8] to describe the soft magneic properties of amorphous
ferromagnets, was recently extended by Herzer et d [9] to explain the soft magnetic properties of
nanocrystalline alloys. The model predicts thus the strong variation of both the effective anisotropy
and the coercive fiedld with the sixth power of the grain size, that is supported by experimenta
observations asit is shownin Fig. 2.

But in the case of nanopartides, the therma energy can be sufficient to reverse the
magnetization direction as a consequence of the superparamagnetic rdaxation phenomena [10].
Indeed, in the case of fine and ultrafine magnetic particles, the switching of the magnetization over
rotational energy barrier, that is provided by magnetic anisotropy, induces a reduction of coercive
fidd and fluctuations. The switching frequency is larger for smaller particle size, smaller anisotropy
energy density and at higher temperatures, but decreases in presence of increasing interparticle
interactions, i.e. when the distance between particle decreases.

Consequently, arelevant parameter is the degree of dispersion of fine and ultrafine magnetic
grains and the magnetic nature of the matrix or of the intergranular phase. The magnetic coupling
between grains has to be thus compared to the magnetic correlation length, favouring or disfavouring
the interactions betweens grains. This magnetic corrdation length strongly depends on the chemica
nature of the materids Indeed, in the case of insulating systems as fluorides, oxides, the
superexchange mechanism based on the overlap of molecular orbitds is large for nearest neighbours
and medium for second nearest neighbours (so called supersuperexchange) but can be neglected
beyond the third nearest neighbours. On the contrary, the magnetic interactions in metalics are
governed by the itinerant dectron mechanism (RKKY interaction) Those mechanisms suggest
magneti ¢ corre ation lengths of approximatey 1 nm and 10 nm, respectively.
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One can consider that the magnetic domains are extended over many nanocrystalline grains
since they are ferromagnetically ordered due to the short-range magnetic exchange interactions at |ow
temperature, i.e. bdow the Curie temperatures. When the temperature increases, the ferromagnetic-
paramagneti ¢ phase transition of one phase causes thus an interruption of the exchange interactions
between the two phases which now are competing with magnetic anisotropies. At sufficiently high
temperature, the thermal energy might become important, according to the magnetic nanostructure
characteristics.

2. Nanocrystalline alloys

Since the pioneering nanocrystalline system discovered by Y oshizawa et a in 1988 [11], the
so-cadled FINEMET (nominal composition Fez;ssCuiNbsBeSiiss), NANOPERM type dloys (FeEMB
aloys with M = Zr, Hf, Nb) were then prepared by Suzuki et a in 1991 [12] and HITPERM-type
aloys ((Fe,Co)-M-B-Cu with M= Zr, Hf, Nb) were recently proposed in 1998 by Willard et d [13].
The nanocrystalline dloys result from a subsequent anneding of the amorphous precursors, allowing
a controlled volumetric fraction of crystalline grains to be dispersed. The nanocrystalline aloys
consist thus of ultrafine crystdline grains embedded within a residua amorphous phase. The
nanocrystaline state is due to the two different stages of crystallization: the first stage favours the
nanocrystalization while the complete crystallization of the amorphous remaining phase into
crystalline grains is achieved a the second stage The different sequences associated to the
transformation from the amorphous to the crystaline state in the case of FINEMET alloys are
illustrated in Fig. 3 the FeSi crystalline precipitates exhibit either bcc or DO3 gtructures.
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Fig. 3. Schematic representation of the transformation from the amorphous state into the
nanocrystalline state and then the complete crystalline state.
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This scenario is rather similar to those observed on other kinds of nanocrystalline alloys,
except for the crystaline nature nanograins: bce Fe and bee FeCo for NANOPERM and HITPERM
nanocrystalline aloys, respectively. Some important features have to be emphasized: the size of
grains remains weakly independent on the annealing time and the annealing temperature, when it is
comprised between the two stages of crystallization. Cu atoms first nucleate into clusters favouring
homogeneous nanocrystallization process while M atoms are preferentialy located at the periphery of
crystalline grains, leading to a barrier-like to the atomic diffusion, preventing thus the growth of the
grains (see those reviews and references therein [14, 15]).

It is clear that the resulting magnetic properties of these nanocrystalline aloys are strongly
dependent on the temperature and on the volumetric crystalline fraction. It is possible to distinguish a
priori three magnetic regimes, considering the Curie temperatures of the crystaline grains T.Y® and
of the amorphous matrix T2™, with TSY > T2™ At temperatures higher than T, both crystalline
grains and amorphous matrix are paramagnetic while below T, both are magnetically ordered and
thus strongly coupl ed through short-range magnetic interactions.

In the intermediate temperature range, T2" < T < T, the system consists of an assembly of
ferromagnetic grains embedded in a paramagnetic amorphous remainder. When the density of grains
is low, typically < 20 at. %, the mean distance between grains which is larger than the magnetic
corrdation length prevents a strong coupling between grains. The ferromagnetic grains can be thus
described as an assembly of non-interacting single domain particles embedded in a paramagnetic
matrix. Consequently, the thermal energy overcomes the other magnetic energy contributions, giving
rise to the presence of magnetization fluctuations. Indeed, the appearance of superparamagnetic
fluctuations was clearly evidenced at higher temperature by static magneti c measurements and by °’Fe
Mosshauer spectrometry [16, 17]. The thermal energy destabilizes the magnetic state, originating a
decrease of coercive field according to the following rdaionship above the Curie temperature of the
amorphous matrix, as predicted by Pfeiffer, H(T)=H.(0) [1-T/Tg]®"" , where Hc(0) is the coercive
fidd at OK and T is the superparamagneti c bl ocking temperature [18]. Such a situation is illustrated
in Fig. 4a When the density of grains is progressively increasing, one can distinguish two different
kinds of grains. There are first magnetically isolated grains, the density of which is decreasing. Then,
one observes grains, for which the distance between grains becomes smaler than the magnetic
corrdation length. Conseguently, the decreasing number of uncoupled grains in detriment of an
increasing number of coupled grains favours thus a progressive decrease of thermal fluctuation effects
a high temperature and a progressive increase of the medium range exchange magnetic interactions
(see Fig.s 4b and 4c). But it is difficult to quantify the number of interacting and norvinteracting
grains, because of the distribution of size, morphol ogy and dispersion within the matrix [19].
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Fig. 4. Schematic representation of magnetic behaviours as a function of the volumetric

crystalline fraction. Single array represents blocked magnetization (static regime) while

double array symbolizesthe presence of magnetization fluctuationsin single domain grains,
i. e. the superparamagnetic behaviour.

With higher annealing temperatures, the volumetric crystalline fraction tends to be maximum
a dout 60 - 65 a. % before the transformation from the nanocrystaline state into the
microcrystalline state. In such a situation, all the crystalline grains are magnetically coupled because
the distance between each grain is smaler than the typica magnetic corrdation length, preventing
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thus the occurrence of superparamagnetic effects. In other words, both the anisotropy energy
contributions and the short range magnetic interactions prevail strongly the thermal energy which is
now close to zero. Such phenomena are wdl supported by static magnetic measurements and
Mossbauer spectrometry. In addition, this latter technique revealed that the remaning intergranular
phase does not exhibit any pure paramagnetic state, even at temperatures far above the Curie
temperature: magnetic interactions between grains originate some penetrating fieds which polarize
the magnetic moments located in the intergranular phase [20-23]. It is schematically represented in
Fig. 4d.

3. Numeric approach of two-phase magnetic system

The magnetic behaviour of these two-phase magnetic nanostructures can be modelled using
different approaches: micromagnetism [24, 25], molecular fidd calculations [26], and effective fied
theory [27]. We have considered the atomic Monte-Carlo simulations using a classical Metropolis
agorithm, because they can provide a mode ling of the magneti ¢ configurations in the different zones
of the materials, as a function of temperature. In addition, macroscopic thermodynamic functions,
such as magnetization, specific heat and magnetic susceptibility for our system can be derived as a
function of the temperature.

The sample is represented by a simple cubic lattice containing up to 20° Heisenberg type
spins, each spin has thus 6 nearest neighbours. Two parts are distinguished: a sphere of radius R (in
units of the interatomic structure) to describe the crystalline grain with A spins and the externa part
which represents the matrix with B spins. Each part is characterized by its own exchange integra
interaction (chosen Jaa and Jsg > 0) giving rise to two different Curie temperatures and a third zone
corresponding to the interface between the grain and the matrix characterized by both exchange
coupling (Jag >0) and interface anisotropy. The computing aspects which are detail ed e sewhere, were
performed using a home-made pardld computer (Beowulf dass) composed of 70 processors (see
website: http://webl otus.uni v-l emans.fr/w3lotus) [28, 29].
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Fig. 5. Temperature dependence of the tota Fig. 6. Example of spin configuration of the middle
normalized magnetization of the system for a plane of the cubic lattice (from [23]).
nanograin radiusof R=7and for matrix - nanograin

exchange coupling Jag ranging from 0.01 to 50.

Those cd culations allow to mode the total magnetic behaviour of the whole system and for
the firgt timeto modd independently the magnetic behaviours of both the ferromagnetic grain and the
ferromagnetic matrix as a function of temperature and as a function of the interna and mutual
exchange couplings and of the interface anisotropy. Fig. 5 shows clearly a nearby non-interacting
two-phase system (Jag =0.01) with the occurrence of two Curie temperatures, when the interphase
coupling (Jag) increases, the evol ution of the total magnetization which is qualitatively consistent with
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experimental data allows to evidence an increasing spin polarization - depolarization mechanism
which induces magnetic corrdation between spins. Detailed results are published dsewhere [29]. In
addition, 3D magnetic configurations can be proposed from such calculaions: an example is
illustrated in Fig. 6. A non collinear structure at the interface is dearly evidenced when the interface
anisotropy contribution is considered, that is in agreement with a spin-glass-like structure
experimentally observed [30].
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