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Abstract. The more interesting features in magnetism of systems of nanoparticles are reviewed.
Tailoring of soft and hard magnetic materials as well as basic studies on magnetic interactions
are discussed. Particular emphasis is given to the magnetic properties of the particle shell and
grain boundaries, generally different to these of the core, and responsible for phenomena such
as interphase exchange penetration, Curie temperature enhancement and magnetic coupling. The
magnetic behaviour of different nanocrystalline systems has been described. Spin disorder has been
found to be a general trend for the magnetic ground state of the outer shell of magnetic particles.
Disorder at the surface can be due to competing interactions with different signs originating
from broken bonds or topological disorder (grain boundaries), random surface anisotropy, surface
magnetostriction, compositional gradients and in general to the enhanced gradient of different
properties at the surface. The spin-glass-like ground state of the surface only affects the macroscopic
properties in nanocrystalline samples for which the ratio between the number of atoms at the
interface and the number of atoms in the core can be enormous, actually as large as 30%.

1. Introduction and definitions

A polycrystalline sample with grain size of the order of nanometres is called nanocrystalline and
forms a particular type of nanostructure. Nanocrystals are generally interconnected by either
the grain boundaries or a different matrix. The more relevant aspect of the nanocrystalline
samples is the high value of the ratio,Ns/Nv, between the atoms at the interface,Ns , and the
total number of atoms,Nv. If we callD the average grain size and a the inter-atomic distance,
Ns/Nv varies roughly asa/D, which in the case of grains of nanometric dimensions becomes
sometimes as high as 30%. Since the physical environment and thereby the physical properties
of the atoms at the interface are different from those of atoms located inside the crystallites,
the macroscopic properties are expected to be remarkably affected by the grain refinement.
This characteristic allows us to tailor the nanocrystals through the control of both grain size
and strength of intergranular connectivity.

Let us focus on ferromagnetic nanocrystals. Generally we mean by ferromagnetic
nanocrystalline sample any sample composed of ferromagnetic nanocrystals embedded in
a matrix. The matrix or intergranular region can be either the boundary of the nanocrystals or
a different phase, magnetic or non-magnetic. The relevant aspect of magnetic nanocrystals is
related to the coincidence of the grain size scale (nanometres) with the typical or critical
magnetic length, such as exchange length or exchange correlation length. Such scale
coincidence gives rise to critical macroscopic properties. Nowadays the outstanding magnetic
materials used by engineers for applications are nanostructured because the macroscopic
average procedure can be easily controlled at this scale.
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1.1. Random anisotropy and magnetic interactions

One important characteristic of nanocrystalline ferromagnetic samples is the orientation
fluctuation of the local magnetization easy axes. The correlation length of the anisotropy axes
is typically of the order ofD. The second important characteristic is the degree of coupling,
exchange or magnetostatic, between adjacent crystallites carried out through the atoms of the
intergranular region which in general exhibit different magnetic properties from the atoms
placed inside the nanocrystals. The difference between exchange and magnetostatic coupling
is remarkable. Exchange is more intense and localized, whereas dipole–dipole interactions are
smaller but long ranged. As discussed below in relation to some examples of Curie temperature
enhancement the importance of the localized exchange interactions is predominant at the
nanoscale. Exchange from ferromagnetic toward paramagnetic metals can penetrate a few
interatomic distances decaying exponentially. But its boundary value at the ferromagnetic
side reaches effective fields of 1000 T. Exchange interactions also govern the coupling through
insulators driving the spin dependence of electronic tunnelling. On the other hand, the stray
fields carrying magnetostatic coupling are of the order of a few teslas but extend over the overall
crystallite size. Both types of interaction lead to ordered ground states at low temperatures.
The ground state is in general difficult to predict since many types of interaction are present,
with different signs. The term spin-glass like structure is normally used to describe these spin
disordered and frozen ground states.

When the matrix is paramagnetic, or diamagnetic, and its thickness,d, is high enough to
avoid exchange transmission between the grains the nanocrystalline sample can be magneti-
cally considered as an assembly of isolated or weakly magnetostatic interactive single domain
particles. These systems have been customarily considered attractive as hard magnetic mate-
rials, in the low temperature range, and as superparamagnetic systems at higher temperatures.
This is the case of Co–Cu [1], Co–Ag or Fe–Cu [2] granular solids, in which metallic conduc-
tivity connects electrically both types of grain, whereas ferromagnetism is exclusively located
at the weakly coupled ferromagnetic grains. However, when the matrix is also ferromagnetic
the grains and the matrix are exchange coupled and the total system behaves in a collective
mode exhibiting in general new and outstanding macroscopic properties. To this second class
belong the Fe rich soft nanocrystalline [3] materials as well as the hard spring magnets [4].

1.2. Nanostructures and technical magnetism

The importance of the nanostructure on the macroscopic magnetic properties can be pointed
out after reviewing briefly the state of art of magnetic materials for industrial applications. As
is well known the magnetic applications can be classified into two large groups: (a) magnetic
flux multiplication which requires soft magnetic materials with high magnetization and narrow
hysteresis loop, i.e. low coercivity, and (b) magnetic storage of either energy (magnets)
or information (magnetic recording); both cases require hard magnetic materials with high
magnetization and wide hysteresis loop, i.e. high coercivity and remanence. Since the
possibility of increasing the magnetization, always required, is restricted by serious limitations
[5] the main task of the research in magnetic materials carried out during this century
has consisted in spreading over a wider range the available coercivities. If the saturation
magnetizationµ0Ms of the ferromagnetic alloys is typically of the order of 1 T the coercivity
µ0Hc ranges between 10−7 T for the softer magnetic material and 5 T for the harder magnets.
Therefore, the seven orders of magnitude which separate in coercivity the softer from the
harder alloys should be considered as a suitable index of the success of the science of magnetic
material.
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However what is really remarkable is that the softest material Fe79Zr7B9 (µ0Hc =
10−7 T) as well as the hardest material Fe79Nd7B9 (µ0Hc = 1 T) known in 1999 are
obtained from amorphous alloys with closely related compositions. Notice that only a
difference of 7 at.% in content gives rise to a difference of seven orders of magnitude
in coercivity. The reason for such an enormous difference is the nanostructure obtained
by partial devitrification of the initial amorphous state. Both types of sample consist of
a soup of nanograins embedded in a softer matrix. In partially crystallized Fe79Zr7B9

Fe nanocrystals with anisotropy constant,k1, of the order of 104 J m−3 are embedded
in the magnetically softer residual amorphous matrix, whose composition depends on the
crystallized fractionx, whereas in devitrified Fe79Nd7B9 hard nanocrystals of the Nd2Fe14B
phase, with anisotropy constantk1 = 107 J m−3, are dispersed in a softer matrix formed by
nanocrystalline Fe. If is assumed that the coercivity term depending onk can be expressed
as

Hc = α2k/µ0Ms (1)

the expected difference in coercivity between FeZr and FeNd nanostructures should
be that of the anisotropy constant: three orders of magnitude. However, the
nanostructure of the FeZr sample reduces by itself the effective macroscopic anisotropy
by four orders of magnitude, whereas the nanostructure of FeNd alloy enhances the
magnetization and the energy product, a factor which describes the energy stored by a
magnet.

1.3. Nanometric scale of the characteristic magnetic lengths

The influence of the nanostructure on the average or macroscopic anisotropy of a ferromagnetic
or ferrimagnetic solid is a beautiful example of the dependence of properties on the ratio
between structural lengths and typical or characteristic magnetic lengths. In a ferromagnetic
homogeneous specimen the following characteristic lengths are normally defined [6]:

(1) Exchange length,Lex , measures the particle size below which the magnetostatic energy
associated with an uniform magnetization is smaller than the exchange cost required to
demagnetize the particle, therefore the material is expected to be a single domain when
its size is smaller thanLex . When the particle size is larger thanLex the decomposition
in domains becomes energetically favourable.Lex is defined as

Lex = (2A/µ0Ms)
1/2 (2)

whereA is the exchange constant, typically of the order of 10−11 J m−1 in 3d ferromagnetic
metals.Lex takes the following values: 2.8 nm for Fe, 3.4 nm for Co and 9.9 nm for Ni.

(2) Exchange correlation length or wall thickness,L, is defined as

L = (A/k)1/2 (3)

wherek is the anisotropy constant.L measures the distance at which a local fluctuation
of the spin alignment propagates through the material. It is therefore the typical thickness
of the domain walls and therefore those particles with size smaller thanL, even though
they are larger thanLex , cannot have domains.L takes the following values: 18 nm for
Fe, 5.5 nm for Co and 51 nm for Ni. It actually determines the size barrier between single
and multidomain structures.

It is important to remark that the characteristic lengths defined above are in the range of
nanometres. Thus, the magnetic behaviours of the nanocrystals are actually expected to be
strongly dependent of the ratioD/L. Even thoughLex is almost temperature independent,
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the characteristic length,L, depends on temperature and increases as the temperature does.
Therefore, particles in the size range of nanometres should exhibit peculiar and anomalous
thermal dependence due to the change induced by temperature in the ratioD/L. The coercive
field is closely related to the exchange correlation length. ShortL is, with great generality,
related to high coercivity and vice versa. In a single magnetic phase coercivity always
decreases with temperature, whereasL monotonically increases. Notice that anisotropy
falls down with temperature faster than the magnetization does and therefore, according to
(1), Hc decreases with temperature. As will be shown below the increase of coercivity
with increasing temperature often becomes a hint of nanoscale mixing of heterogeneous
phases.

1.4. Average procedure for the macroscopic properties in nanostructures

The macroscopic or effective anisotropy,keff , of a nanocrystalline sample depends on (1) the
anisotropy and exchange constants,k1, k2,A1 andA2, of grains and matrix respectively (it will
always be considered thatk1 � k2, as corresponds to the cases of interest mentioned above
of NdFe and ZrFe), (2) the exchange coupling between the grains,A∗, which in general can
be written asγ (A1A2)

1/2, γ being a factor describing the ability of the interface to transmit
exchange, (3) the grain size,D, through the ratioD/(A∗/k1)

1/2 and (4) the intergranular
distance or matrix thickness,d, through the ratiod/(A∗/k2)

1/2.
Let us suppose that(A∗/k2)

1/2 = L∗2 is larger thand; in this case any grain is informed of
the presence of the other grains. If it is also true that(A∗/k1)

1/2 = L∗1 > D the grains should be
not only informed but coupled by exchange interactions. In other words if it is simultaneously
verified thatL∗2 > d andL∗1 > D the matrix induces a softening of the grains. WhenL∗2 > d

but L∗1 < D, the matrix is coupled to the grains, which remain uncoupled themselves, and
therefore the matrix undergoes an effect of hardening induced by the presence of the grains.
Finally, if L∗2 < d andL∗1 < D the system is weakly coupled and the magnetic behaviour
tends to be that of the average of both phases separated. In this last case a light deviation from
the pure average is introduced by the weak coupling which decreases in strength asL∗2/d and
L∗1/D decreases toward zero.

An interesting problem in heterogeneous magnetic systems, such as polycrystalline,
nanocrystalline or amorphous samples, is to find the correct procedure to obtain the weighted
average anisotropy. The correct procedure strongly depends on the degree of magnetic
coupling. A simple, but illuminating picture of the smoothing effect of the nanostructure
on the effective anisotropy whenL∗2 > d andL∗1 > D are simultaneously verified is to
consider only the single phase formed by crystallites, neglecting the matrix. Then,A∗ = γA1

andL∗1 = (γA1/k1)
1/2 which is assumed to verifyL∗1 � D. The exchangeA∗ tends

to align the magnetic moments of the different grains parallel to each other. However the
anisotropy tends to align the magnetic moment at each grain along the local axis. Since the
local axis orientation fluctuates from grain to grain there is a compromise between exchange
and anisotropy. The two limiting cases of such compromise correspond to: (a) when the
anisotropy is much stronger than the exchange (L∗1 � D) each magnetic moment lies close
to the local axis and the magnetic order is frustrated, (b) the opposite case, if the exchange
is stronger than the anisotropy (L∗1 � D) the magnetic moment are aligned even though
in this configuration a cost of anisotropy energy arises. If the easy axes are randomly
distributed in orientation and the number of different easy axes (or number of grains) contained
in the region in which the magnetic moments are exchange coupled isN , the effective
anisotropy, as nicely shown by Albenet al [7] using random walk considerations, falls down
to k1/(N)

1/2.



Magnetism in nanocrystalline materials 9459

1.5. Outline of this article

The study of the magnetic properties of isolated fine particles has been traditionally urged by
both a technological and theoretical interest connected with the possibility of developing a
better understanding of magnetic phenomena related to size effects. From the technological
perspective the interest of fine particles is associated nowadays with magnetic memory in view
of their potential applications in high energy magnetic recording as well as with the technical
possibilities derived from magnetic ferrofluids. Many years ago fine particle production was
an interesting target in order to obtain single domain structures with suitable characteristics for
magnets. From the theoretical point of view three important basic research fields have been
traditionally linked to nanosized constituent particles or crystallites: (i) magnetization rever-
sal, coherent or incoherent modes and micromagnetic calculations, (ii) magnetic relaxation by
different modes such as, recently, quantum tunnelling, superparamagnetic behaviour and mag-
netic interactions and (iii) surface magnetism associated with the large surface/volume ratios.

Many books and articles [8] have outlined the more interesting aspects of the magnetic
relaxation and magnetization reversal in systems formed by nanometric particles obtained
by different physical and chemical methods. In particular superparamagnetism in systems
of interactive particles has been thoroughly described. The effect of interactions at low
temperatures can give rise to collective magnetization modes which are also discussed in
detail. Morup and his group [9] have performed an extensive Mössbauer analysis in order to
analyse the dependence of the blocking temperature on the interactions. They found a decrease
of the relaxation time with the enhancement of interactions. Such result is in disagreement
with theoretical predictions derived from models by Shtrikman and Wohlfarth [10] and by
Dormannet al [11]. Thus, the correlation between relaxation time and magnetic interactions
is an open question which drives a huge number of discussions in regular conferences on
nanoparticles. The interest of this subject has been recently enhanced with the proposal
of macroscopic quantum tunnelling as a new relaxation mechanism observable at very low
temperatures. Chudnovsky and Tejada [12] have also written an interesting book,Quantum
Tunneling of the Magnetic Moment.

In this article the outstanding characteristics of the nanocrystalline magnetism are
described in the following order. First, the magnetic properties of the grain boundaries in
a single phase system, as is the case of pure nanocrystalline Fe, are reviewed. Mössbauer
spectroscopy is used as a useful tool capable of recognizing the boundary magnetic
contribution. Second, the magnetic characteristics of the surface of magnetically isolated
iron oxide nanoparticles and magnetically connected FeRh nanocrystals are described. The
main focus is centred on spin disorder and the magnetic coupling between the surface atoms
and the atoms located inside the particle. Third, the magnetic behaviour of a granular solid
formed by non-miscible elements, such as FeCu, is described. It is shown that many of the
structural configurations obtained during the different steps of the decomposition are often
characterized by fluctuations of the local magnetic constants with correlation lengths of a
few nanometres. Fourth and finally, the random magnetic anisotropy effect on macroscopic
properties in amorphous and nanocrystalline materials is discussed on the basis of some
experimental results concerning two-phase systems. The analysis tries to show the capability
of tailoring magnetic properties for applications provided by nanostructures.

2. Nanocrystalline Fe: Mössbauer and magnetism of grain boundaries

It is somehow amazing that Fe, that has long been considered the archetype of a ferromagnetic
material and has been carefully scrutinized for decades, exhibitsnewandsingular magnetic
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behaviour when it is in the form of nanostructures. In this sense, pure iron nanostructures are
perhaps the most fundamental case of the physical processes described above: the appearance
of unique magnetic properties due to the different physical behaviour of interface atoms with
respect to those in the bulk [13].

By no means are the structures of these nanostructures well characterized at the atomic
level. On the one hand, the difficulties related to the structural analysis of amorphous systems,
due to their lack of periodicity, are well known. Moreover, a number of unusual crystalline or
quasi-crystalline structures emerge at the boundaries between the different nanoparticles and
between the nanoparticles and the embedding matrix. Although a number of contemporary
techniques (such as M̈ossbauer spectroscopy) are beginning to throw light on the nature of
these new structures, there are still many unanswered questions. It is also worth remarking
that, as most of these nanostructures arefar from equilibrium, the accurate characterization
of the preparation processes is mandatory as, otherwise, our understanding of the various
processes can be plagued by lack of reproducibility of the results.

Fe is known to present different phases [14]. Under normal conditions, up to about
T0 = 1183 K, ferromagnetic bcc Fe (α-Fe) with a magnetic moment per atom of 2.2 µB ,
is the only phase present. AboveT0, an fcc phase (γ -Fe) appears, that remains stable up to
1663 K. It has been theoretically predicted that fcc iron could exist in, at least, two different
states: a high moment, high volume state (µ = 2.3–2.8µB , lattice constant>3.6 Å) and a low
moment state (µ 6 1.6 µB) with a lower lattice constant (between 3.5 and 3.6 Å), the latter
having antiferromagnetic ordering with a Néel temperature about 67 K. However, experimental
confirmation of these theoretical predictions is difficult because it is hard to maintain metastable
fcc structures at low temperatures. As an alternative approach, one can resort to derive indirect
evidence from closely related systems, such as Fe epitaxial films grown onto Cu(001), although
of course a limit in their thickness is rapidly reached at 2–3 atomic layers.

An antiferromagnetic low moment (around 0.7 µB) state—denotedγ1—with a Néel
temperature of about 67 K has been identified in small fcc Fe precipitates in supersaturated
Fe–Cu alloys, as is discussed in section 4 of this article.

Intriguingly enough, an Fe phase rather similar to the one detected in the Fe–Cu system
has been also detected in nanostructures of pure Fe. Whereas in the former case relatively
minor Fe volumes are forced to adopt the fcc structure by external constraints, in the case
of pure Fe this magnetically ordered fcc phase forms at the interface between bcc crystals,
following thermally induced rearrangement of the grain boundary region. Evidence of the
nature of that phase has been obtained by joint Mössbauer, magnetization and transmission
electron microscopy (TEM) analysis of pure ball-milled Fe for different milling times and
after subsequent thermal annealings [14]. It is worth pointing out that after 1 hour annealing
at 920 K both structural and magnetic properties of the original bulk polycrystalline Fe are
re-obtained. This also denotes that introduction of impurities during the milling and annealing
processes is kept at a minimum.

The new phase is identified mainly on the basis of its Mössbauer spectrum. Figures 1(a),
(b), (c) show, for comparison, the M̈ossbauer spectra of the sample after milling (limiting state)
and after annealing at two increasing temperatures. One can see that the magnetic hyperfine
field (HFF) distribution profile changes dramatically. After the thermal treatment at 570 K
(figure 1(b)), a narrow peak centred on 21 T becomes visible. With increasing annealing
temperature, its relative weight increases at the expense of the original contributions at higher
fields (figure 1(c)). The values of the relative resonant area linked to the HFF distribution are
also reported in the caption of figure 1. These data strongly suggest that a rearrangement of
the atoms at the interface occurs mainly in the 570–670 K temperature range. As a Mössbauer
sextet spectrum is characteristic of a magnetically ordered configuration, the appearance of the
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Figure 1. Room temperature M̈ossbauer spectra (left-hand side) and relative hyperfine magnetic
field distributions (right-hand side) corresponding to as-milled Fe and to milled powders
subsequently subjected to 1 h thermal treatments at the indicated temperature. Percentages of
Fe atoms at the boundaries obtained from the resonant area linked to the hyperfine field distribution
are 8.5%, 7.7% and 5.3% for 1(a), (b) and (c) respectively.

peak at 21 T in the HFF distribution indicates that, during grain boundary thermal relaxation,
not only does the bcc configuration recover, but also a magnetically ordered Fe phase, unlike
the usualα-phase, is formed.

The 21 T hyperfine component of the spectrum has been interpreted as arising from regions
of a ferromagnetic fcc Fe structure (γ2-Fe). This is done, first, on the grounds of their Mössbauer
spectra, that are quite similar to the ones observed in theγ2 phase of Fe in Fe–Cu samples (see
section 4). The existence of an fcc phase is supported by TEM analysis. On annealed samples,
along with the spots corresponding to the usual Fe bcc phase one can find another set of spots
corresponding to a slightly smaller nearest neighbour parameter. In figure 2 one can observe
both the spots corresponding to a ‘normal’ bcc crystallite close to the(111) orientation and
the encircled spots, identified as a fcc structure of lattice parameter 3.51± 0.05 Å, close to
the(211) orientation. It is worth remarking that both bcc and fcc structures are coherent with
an orientational relationship of [110]bcc ◦ [111]f cc. A straightforward geometrical analysis
reveals that this relationship implies that the two most densely packed planes of the two
structures—(110)bcc and (111)f cc—superimpose on each other, which agrees with the rule
governing most epitaxial systems of bcc materials grown on fcc substrates. This mutually
oriented structure probably results from grain boundary rearrangements which occur in the
570–670 K temperature range.
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Figure 2. (a) SAD pattern of the annealed sample. The rings correspond to the Fe bcc phase close
to the [111] zone axis orientation; the encircled spots can be indexed in terms of the [211] zone axis
electron diffraction pattern of an fcc structure of lattice parameter 3.51±0.05 Å. The arrow points
to the superposition of(110)bcc ‖ (111)f cc reflections. (b) Direct lattice construction associated
with the geometry of (a). The shaded area corresponds to the plane of growth. The spreading of
the distribution around 33 T suggests that, for a number of atoms at the interface, the surrounding
environment is not greatly different from that of bcc bulk iron, probably due to a closer location
to the core of the nanocrystals. The contribution observed at 26 T can be explained by a reduction
of the coordination number [11], a wide distribution of nearest neighbour distances at the grain
boundary together and/or a reduction of short range order [12], although the experiments reported
here do not allow a definite elucidation of the controlling mechanism.

Magnetic measurements confirm the Mössbauer indication that the new phase is
ferromagnetic. By measuring the evolution of the magnetization atT = 560 K, as illustrated
in figure 3, after 20 hours annealing,M has decreased by about 13%, with respect to its value
at the very beginning of the measurement. Once the sample is cooled down again to room
temperature, the magnetization of the sample—atH = 10 kOe—is about 3% lower than
before the annealing. When a magnetization measurement is performed in a further isochronal
annealing of the same sample, a decrease ofM is clearly observed at∼500 K. This can be
explained in terms of a magnetic order–disorder transition of the new phase that is formed
during the isothermal measurement and which, therefore, is interpreted asferromagnetic.
Accordingly, the considerable reduction ofM—about 13%—in figure 3 can be explained
assuming that the isothermal measurement has been carried out at a temperature higher than
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the Curie temperature of the new phase that is being formed in the course of the measurement.
The reduced magnetization value (figure 3, inset), measured at room temperature, after the
prolonged annealing at 560 K, indicates that the magnetic moment for Fe atom in the fcc
configuration is lower than in the as-milled state.

Figure 3. Time dependence of the magnetization (M) atT = 560 K of nanocrystalline Fe (applied
fieldH = 10 kOe).Mi is the room temperature magnetization value of the as-milled sample. In
the inset: room temperatureM as a function of the applied magnetic fieldH for the nanocrystalline
sample before (full squares) and after (open circles) the isothermal measurement.

Both the Fe–Cu and the pure Fe data show that rather unusual atomic arrangements are
found near the boundaries of the individual particles in nanostructures. These boundaries seem
to stabilize—even at room temperature—structures with a coordination number different from
the bulk, and, consequently, singular values of the average magnetic moment per atom. Apart
from its intrinsic interest in terms of fundamental physics, understanding these nanostructures
might well be an effective way to control specific magnetic properties.

3. Spin disorder at the surface of magnetic nanoparticles

In recent years many experimental observations have pointed out the anomalous magnetic
behaviour of the atoms located at the particle surface compared with that of the inner atoms.
The experimental results have shown that there exist different degrees of coupling between
inner and surface atoms and that the surface spin structure is different to the inner particle
magnetic structure.

An important property of many fine magnetic oxide particles is the high susceptibility
exhibited at high applied fields and the difficulty of saturating them even under strong magnetic
fields, much larger than the possible anisotropy fields. In the region close to saturation the
hysteresis loop is open, with positive and negative field sweeps well separated. A number of
articles have been published during the last few years dealing with the magnetic behaviour
of Fe, Co and Ni nanocrystalline particles, mainly prepared by the inert gas condensation
method, and presenting different degrees of surface oxidation [15–20]. More recently the
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magnetic characteristics of particles with compositions NiO, NiFe2O4 andγ -Fe2O3 have been
thoroughly studied by the group of Berkowitz [21, 22]. These oxides, as well as oxygen
passivated Fe, Ni or Co nanoparticles, exhibit, apart from the low magnetization and high
susceptibility at high fields, shifted hysteresis loops after field cooling. Both characteristics
disappear above a critical temperatureTB . Since NiFe2O4 particles are not saturated even under
fields of 160 kOe which is 400 times stronger than the anisotropy field there must be a cause
different from the anisotropy responsible for the lack of saturation [23]. From field cooling,
FC, and zero-field cooling, ZFC, magnetization measurements at very high fields it is obvious
that belowTB the magnetization is at a non-equilibrium state for the ZFC case. The presence
of a high field irreversibility is also obvious from the strength of the fields, 70 kOe, in which
the separation between FC and ZFC curves still remains. Notice the enormous quantitative
difference with the typical separation between ZFC and FC curves for spin glasses, which
is normally obtained in fields lower than 100 Oe. In oxygen passivatedγ -Fe2O3 and Fe
nanoparticles the difference between ZFC and FC curves has been also observed in fields of
50 kOe [24].

With the help of relaxation measurements, Berkowitz’s group [22, 23] has explained the
general magnetic behaviour described above as a consequence of the magnetic structure of
the surface atoms. In the case of ferrimagnetic and antiferromagnetic oxides the magnetic
coupling is carried out through superexchange interactions that are very sensitive to the
atomic environment. Because of the broken symmetry at the surface, broken bonds and some
degree of structural disorder, the exchange interactions fluctuate in both strength and sign
and thus the magnetic structure of the surface atoms should correspond to a spin-glass-like
configuration or to a spin disordered system. Actually, the existence of many surface spin
states separated by energy barriers which could be overcome by the thermal energy would
explain the shifted hysteresis loops. Calculations performed by Kodamaet al [23] have shown
the expected energy barrier to be in the range of 50 mK which is well below the freezing
temperature,TB , always ranging between 30 and 60 K. Therefore, they claimed that surface
atoms can have a large crystal field splitting due to the asymmetry of the local structural
configuration.

The spin disordered state at the particle surface accounts for more of the intriguing
characteristics of the magnetic behaviour of nanoparticles at low temperatures. Spin canting
in these types of sample had been observed before and the occurrence of a transition to a
spin glass state at low temperature had been invoked from observations of magnetic hyperfine
splitting. The influence of the surface morphology on the coercivity of nanoparticles with
the same size was carefully studied by Hadjipanayis and coworkers [25] who found a clear
separation between core and shell magnetic behaviour. From measurements performed on
particles of the same size and composition, but with different coatings and different oxidation
degrees, it turned out that the intensity of coupling between core and shell is very sensitive to the
surface morphology. Particles with different coatings exhibit different thermal dependence of
coercivity and different saturating fields. The influence of the surface and interface anisotropy
has also been invoked as the origin of the anomalous magnetic properties of nanoparticles at
low temperature. In fact, anisotropy also fluctuates at the particle surface and can reach higher
values than those of the core. For instance, magnetoelastic coupling developed by surface–
core stresses and enhanced by large surface magnetostriction values [26] can also contribute
to the surface anisotropy which through the exchange coupling can remarkably modify the
magnetization curve of the core.

Recent measurements in FeRh nanocrystalline samples obtained by ball milling have
shown a similar behaviour to that exhibited by oxides and oxide passivated nanoparticles at
low temperature [27]. The grain size ranged between 7 and 17 nm. The ac susceptibility
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(figure 4) and the FC and ZFC magnetization curves obtained under applied fields of 5 kOe are
separated below 60 K temperature for which the ZFC curve shows a maximum (figure 5). It
is important to remark that this maximum does not appear in the bulk sample and therefore it
seems actually to be a consequence of the nanocrystallization process. A careful experimental
analysis carried out by using M̈ossbauer spectroscopy, magnetization and ac susceptibility
measurements has pointed out that the overall behaviour can be explained as a consequence
of the spin disorder at the grain boundaries. The hysteresis shift observed after FC, illustrated
in figure 6, and both the open hysteresis loop and high susceptibility at high fields indicate
a similar behaviour to that observed in nanoparticles of magnetic oxides and also suggest a
similar origin.

Figure 4. Real part of the ac susceptibility as a function of temperature of FeRh powders measured
in a dc field of 100 A m−1 and frequency of 111 Hz. The values are normalized by the susceptibility
atT = Tmax .

As is known, bulk FeRh equiatomic alloy, with CsCl-like ordered crystalline structure,
undergoes a structural transformation close to room temperature from an antiferromagnetic to
a ferromagnetic spin structure. Remarkable changes in electrical conductivity [28], entropy
[29] and unit cell volume [30] take place during the transformation [31]. In particular the
lattice constant of the antiferromagnetic low temperature phase is 2.987 Å. whereas it rises
up to 2.997 Å in the ferromagnetic state. Consequently it becomes evident that ferromagnetic
and antiferromagnetic interactions coexist in the FeRh system with a relative strength which
depends on the interatomic distances. The nanocrystallization procedure (ball milling)
drives the powders from the bcc ordered to a fcc disordered structure with non-compensated
antiferromagnetic order. The interatomic distance fluctuation at the grain boundary, strongly
deformed after milling, gives rise to spin disordered configurations.

It can be concluded that spin disorder at the interfaces is a magnetic structure not only linked
to broken bonds in oxides in which spin coupling is due to superexchange interactions. Metallic
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Figure 5. Magnetization against temperature for different fields of ball-milled Fe65Rh35 measured
during heating after zero-field cooling (ZFC,H) and field cooling (FC,N). Inset: remanent
magnetization (after cooling down in a field of 100 Oe), as a function of temperature for Fe65Rh35.

systems with competing interactions of opposite sign can also eventually exhibit spin disorder
at the grain boundaries. Random surface anisotropy with high local anisotropy constants would
also break down the magnetic order associated with ferromagnetism or antiferromagnetism and
generate spin disorder similar to that characteristic of asperomagnetic structures in amorphous
materials with strong non-symmetric crystal or local electric fields.
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Figure 6. Hysteresis loops for Fe50Rh50 atT = 5 K (a) after zero-field cooling and (b) after field
cooling in a field of 2 T, and atT = 100 K (c) after zero-field cooling and (d) after field cooling in
a field of 2 T.

An important result of the effect of magnetic disorder at the grain boundary on the
macroscopic magnetization curve is that the magnetic, ground and excited, states corresponding
to the inner core of the particles and to the surface are different and characterized by different
relaxation times. The complex relation of both relaxation times gives rise to anomalous
macroscopic relaxation behaviour that sometimes has been considered as possibly originated
by macroscopic quantum tunnelling [23]. It is necessary to distinguish between the surface
structure and the surface–inner core coupling. The coupling between the inner core and
the surface turns out to be different for temperatures below the freezing temperature of the
surface spin disorder. Above the freezing temperature the relaxation time of the surface
structure becomes shorter and the core is weakly or, in general, differently coupled to the
surface. Actually, the surface freezing temperature is also affected by the core, but in order to
understand with a simpler picture the particle behaviour it is useful to consider the surface as a
different magnetic material. In this picture, the nanoparticle is described as a magnetic bilayer
with a peculiar spherical symmetry. One should then consider two magnetic media with
different anistropies, interactions and magnetic structures. Both different magnetic phases
are magnetically connected through an interphase coupling. It has been shown that this
coupling affects the intrinsic properties such as order temperature and magnetic moment of
the constituents [32–35]. If, instead of magnetically isolated particles, we analyse magnetic
nanoparticles embedded in a magnetic or non-magnetic metallic matrix, the picture becomes
much more complex. In this case, the bilayer picture changes into a multilayer description.
Let us describe an example.

It has recently been shown that the system formed by a 10% volume fraction of Co
nanocrystals finely dispersed in a soft residual amorphous phase exhibits a maximum of ac
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susceptibility around 200 K which decreases by two orders of magnitude for lower temperatures
[36], as shown in figure 7. The system is obtained at the initial states of the partial devitrification
of the amorphous alloy Co80B20. This result can be explained as follows. At low temperatures
the magnetically hard Co nanocrystals are exchange coupled to the residual amorphous phase
producing an overall hardening of the system. As the temperature rises some boron rich
layers surrounding the Co crystallites reach their Curie temperatures and the matrix loses the
magnetic connection to the Co grains. The cut-off of interphase coupling allows the matrix
to recover its magnetic softness. In this case the coupling through the interface disappears
by the effect of the compositional gradient along the perpendicular direction of the grain
surface. Such a perpendicular compositional gradient has been thoroughly analysed in soft
nanocrystalline materials mainly by M̈ossbauer spectroscopy but also by standard calculations
[37–39].

Figure 7. TEM images and temperature dependence of the susceptibility Co80B20 melt-spun ribbon
in the as-cast state (a) and after annealing at 603 K for 30 minutes (b).

In summary, the grain boundary of nanoparticles can generally be thought of as a magnetic
phase different to the inner core. The presence of canting of magnetic moments detected by
Mössbauer [40], high susceptibility at high fields, extremely high saturating fields, hysteresis
shift after FC, irreversible processes detected by comparing FC and ZFC curves at high fields
and a remarkable decrease of the ac susceptibility at low temperatures well below the divergence
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point of FC and ZFC form the main experimental features. These magnetic properties point
out both the presence of spin disorder at the surface, frozen in below a freezing temperature,
and its effect through the surface-inner core coupling on the magnetization curve of the overall
system below the freezing temperature. It is to be emphasized that, as has been shown
above, many different causes can contribute to the surface spin disorder of nanoparticles.
The gradient of different properties through the interface is in fact the origin of the surface
magnetic peculiarities. Broken bonds, broken symmetry, topological disorder, high density
of defects as dislocations, high surface magnetostriction, strong random anisotropy, coating
or compositional gradients at the surface lead in general to splitting of the particle into two
magnetic phases: shell and inner core.

4. Metastable nanocrystalline immiscible alloys and granular solids

The development of non-equilibrium processing methods has allowed the formation of
immiscible alloys with high enthalpy of mixing. Metastable alloys have been synthesized
by vapour quenching, sputtering, ion beam mixing, rapid quenching and ball-milling. After
heating, the immiscible two-component alloys such as CoFe or FeCu decompose into a
nanocrystalline structure formed by nanocrystals of the constituents and generally known
as granular structure. Since the ferromagnetic grains are single domains, the whole system
is ideal for study of rotation magnetization processes and magnetic interactions between the
particles. At the different steps of the decomposition process, new and interesting structures
such as those associated with spinoidal-like decomposition are often observed.

4.1. Granular solids as GMR samples

In 1992 Xiaoet al [1] and Berkowitzet al [1] simultaneously reported giant magetoresistance,
GMR, results obtained in the granular CoCu system. With this observation, it was concluded
that the origin of the GMR is related to the change of the spin orientation in distances shorter
than the mean free path of the electrons. In granular solids composed of magnetic and non-
magnetic nanocrystallites, the spatial fluctuation of the spin orientation is a consequence of the
random orientation of the crystallites and therefore of their easy axes of magnetization. On the
other hand, the spin orientation fluctuation in magnetic, non-magnetic, multilayers, in which
GMR was discovered in 1988, is due to the antiferromagnetic coupling between adjacent
ferromagnetic layers [41]. Now is generally accepted that, independently of the cause, the
random change in spin orientation in short distances is the origin of the GMR. Since the
production method of granular solids is easier and less expensive than those methods used to
obtain the more perfect multilayers, many research groups made an effort to obtain by different
methods granular solids with GMR behaviour. Another cause of the promising perspectives of
granular solids is the capability of being tailored at nanostructural scale by suitable annealing
treatments. The melt-spinning method allows large quantities of bulk granular materials to be
obtained in the form of ribbons. The groups of Allia at Torino and Madurga at Pamplona [42]
have reported an interesting set of articles in which the GMR and the magnetic behaviour of
Cu100−x–Cox granular alloys obtained by rapid quenching have been carefully analysed. As is
characteristic in most of the nanoparticle systems, the interactions between magnetic particles
as well as the grain size distribution must be taken into account in the theoretical framework
to explain the experimental results.
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Figure 8. Low and high temperature magnetization measurements of as-milled fcc Fe50Cu50 alloy
(•) and after the precipitation of bcc Fe (◦) showing the crossover at room temperature and the
lower magnetic moment.

4.2. Magnetism of nanocrystalline metastable FeCu solid solutions

As an example of the increasing interest developed during the last decade in the magnetic
properties of immiscible alloys let us summarize briefly the more interesting results related
to Fe–Cu alloys obtained by ball milling. The production and subsequent magnetic
characterization of supersaturated Fe–Cu alloys have attracted great interest from the point
of view of fundamental research. Supersaturated solid solutions of Fe–Cu were obtained
by Sumiyamaet al [43]. using rf sputtering, further extending the miscibility of Cu in
bcc Fe up to 60 at.% and Fe in fcc Cu to nearly 40 at.%. Chienet al [44] reported
the magnetic and structural properties of a wide range of FexCu100−x alloys prepared via
magnetron sputtering. Since 1983, Jilman and Benjamin [45], Uenishiet al [46], Ma
et al [47] Eckert et al [48, 49] and Yavariet al [50] have reported the production of
nanocrystalline FexCu100−x alloys by mechanical alloying. Fe–Cu alloys are ferromagnetic
at room temperature over almost all the compositional range. Forx < 60 the alloys are
fcc with a lattice parameter which increases with milling time. Forx > 60 the structure
becomes bcc. Harriset al [51] using EXAFS provided structural evidence that both the
Fe and Cu atoms reside in an fcc lattice in Fe30Cu70 and Fe50Cu50 ball milled alloys. The
results showed that the near neighbour chemistry is very close to the normal stoichiometry
of the starting materials, thus confirming the mixing at an atomic level. By modelling the
EXAFS data, the atomic radii of both elements were deduced. According to this model a
clear dilation between unlike atoms pairs was pointed out. This model accounts for the lattice
expansion observed by x-rays by many authors. The observation of ferromagnetism in fcc
Fe–Cu alloys is an intriguing feature since fcc Fe and fcc Cu are not ferromagnetic in their
ground state. The calculation of the Fe magnetic moment in different alloys is generally a
difficult task. Such difficulty has been often attributed to the weak ferromagnetic character
of Fe. According to this character, due to the unfilled majority band, the Fe alloys are
quite susceptible to internal or external perturbations. This is not the case of Fe–Cu alloys
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Figure 9. Thermal dependence of the magnetization for as-milled and heat treated Fe50Cu50
alloys measured under an applied field ofµ0H = 1 T. Solid line indicates the magnetization
corresponding to an equiatomic mixture of bcc Fe and fcc Cu.

since the magnetic moment of the Fe atoms remains nearly constant up to very high Cu
concentrations.

Hernandoet al [52] studied the thermal dependence of the magnetization in as-milled
and heat treated fcc Fe50Cu50. Their results indicated a magnetization deficit during thermal
decomposition as is illustrated by figure 8. Since after decomposition bcc Fe and fcc Cu
nanocrystals were well separated, the magnetization would be expected to increase or at least
to remain with the same value as in the metastable fcc alloy. They attributed the magnetization
deficit to the stabilization of the fcc Fe phase upon decomposition. The presence of the fcc
Fe phase was proposed by Yavari [53] to be a consequence of a phase separation process via
a spinoidal-like mechanism.

The nanocrystalline character of the alloy, combined with the peculiar separation
mechanism, give rise to an unusual magnetization behaviour during the different steps of
decomposition. Some of these striking features are briefly reported and discussed [54]. Figure 9
shows the temperature dependence of the magnetization for Fe50C50 alloy measured after
heating at different temperatures. The most remarkable feature that can be observed in figure 9
is related to the evolution of the magnetization values at low temperature upon heating. In
particular, after heating at 723 K the magnetization values had decreased by around 20% with
respect to that of the as-milled material. Low temperature magnetic measurements pointed
out that the thermal dependence of the magnetization does not follow the Bloch law but is
linear. This behaviour can be explained as a consequence of a broad distribution of Curie
temperatures [54]. M̈ossbauer analyses performed at room temperature in the as-milled alloy
and after different heating treatments, as shown in figure 10, also indicate the presence of
a complex mixing of different phases in the heated samples. After heating at 723 K the
Mössbauer spectroscopy shows the presence of a paramagnetic phase at room temperature
that should correspond with the remaining fcc Fe–Cu solid solution. This phase coexists
with a high Curie temperature bcc phase attributed to the bcc Fe (Cu) also resolved by x-ray
diffraction.
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Figure 10. Room temperature M̈ossbauer spectroscopy of the fcc Fe50Cu50 alloy in the as-milled
state and after heating at different temperatures.

4.3. Hints of a spinodal-like decomposition mechanism: broad distribution of Curie
temperatures

The thermal dependence of coercivity also points out the coexistence of different phases
intermixed at the nanoscale. Figures 11(a) and 11(b) illustrate both the dependence on
temperature of the coercive field and the coercive field as a function of the annealing
temperature, measured at 10 K and at room temperature, respectively. The soft magnetic
behaviour of the as-milled solid solution is likely due to the negligible macroscospic anisotropy
in the disordered alloy and to the nanocrystalline character of the sample. The coercive
field of the as-milled sample decreases with temperature as is expected in any single-
phase sample. Upon decomposition, the alloys exhibit the typical features of heterogeneous
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Figure 11. (a) Thermal dependence of the coercive field upon heating. (b) Dependence of the
coercive field on the annealing temperature for the fcc Fe50Cu50 solid solution.

magnetic systems where phases with different Curie temperatures coexist. In such systems
the thermal dependence of the coercive field depends, apart of the intrinsic properties, on
the capability of the intergranular regions to transmit the exchange interactions between
the randomly oriented grains. A detailed analysis of the thermal dependence of coercive
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field in heterogeneous nanocrystalline systems has been recently reported by Hernandoet al
[55].

The coercive field of the Fe50Cu50 solid solution at room temperature depends on the
heating temperature as shown in figure 11(b). The coercive field of the as-milled sample
is 8 Oe at room temperature. This value does not appreciably change after annealing
at temperatures below 723 K (except for a small increase probably associated with the
appearance of bcc Fe phase as detected by Mössbauer). After heating at 723 K a remarkable
increase of two orders of magnitude in coercive field is observed. The explanation of
such a strong magnetic hardening can be found in the thermal dependence of the coercivity
corresponding to this sample. According to x-ray data, the bcc Fe phase exhibits an average
grain size of 20 nm. The grains are exchange isolated from other grains through the
paramagnetic phase. The progressive isolation of bcc grains emerges from the increase of
coercivity with temperature which can be clearly seen above 50 K. This anomalous thermal
dependence of coercivity can only be explained as a consequence of the modifications
of the degree of coupling between the ferromagnetic grains. Thus, the system behaves
at room temperature as an assembly of single domains particles. The coercive field of
640 Oe corresponds to a typical value of coercivity for Fe single domains with spherical-
like shape. It is important to note that the increase of coercivity takes place over a broad
temperature range, from 50 to 300 K. This effect precludes the existence of a well defined Curie
temperature of the phase separated bcc Fe grains, but unambiguously points out the existence
of a distribution of exchange correlation lengths in the remaining fcc FeCu phase. This
distribution of Curie temperatures can only be understood as a consequence of compositional
fluctuations.

These experimental results cannot be understood by assuming that phase separation takes
place via nucleation and grain growth of the stable phases. The broad distribution of Curie
temperatures, detected from coercive force and magnetization measurements, seems to support
the presence of a spinodal-like decomposition mechanism [53]. According to this type of
decomposition, the composition profile along a particular direction, for instance x, can be
described asc(x) = c0 + A sin(kx) wherec0 is the initial composition,A the amplitude of
the modulation andk the wave vector which generally corresponds to a wavelength of a few
nanometres. The concentration waves develop along elastically soft directions giving rise
to a lamellar structure. Some experimental evidence of a spinodal-like mechanism by TEM
observations has been recently reported [55].

In conclusion, it has been well established that different steps of decomposition
of immiscible alloys result in different nanostructures with strikingly different magnetic
behaviour. Nanometric fluctuations of composition and symmetry lead to different ways to
calculate weighted averages of the macroscopic properties, depending on the relative magnitude
of the exchange coupling strength and the fluctuation length.

5. Thermal dependence of the effective anisotropy, Curie temperature enhancement
and exchange coupling in two-phase nanostructures

Amorphous materials are sometimes considered as nanocrystals in the limit of zero crystal
size. The 3d rich ferromagnetic amorphous alloys exhibit negligible macroscopic anisotropy
due to the smoothing effect of the exchange. However, magnetostriction since it is a fourth
rank tensor (as opposed to anisotropy), does not average out in random anisotropy systems.
Therefore, residual stresses (always induced during the rapid quenching procedure) give rise
to macroscopic anisotropy via magnetoelastic coupling, thus deteriorating softness. Softer
amorphous materials are those, Co based, with low magnetostriction. Nevertheless, Co is a high
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cost and restrictive magnetic element that prevents its use in high volume industrial production.
That was the reason why the discovery of Fe rich soft nanocrystals carried out by Yoshizawa
et al [56] in 1988 was really important. Typical compositions of the amorphous alloys which
after partial devitrification reach nanostructures with optimal properties are FeSi and FeZr with
small amounts of B to allow amorphization and much smaller amounts of Cu, which act as
nucleation centres for crystallites, and Nb, which prevents grain growth. This effect is provided
by Zr in FeZr alloys. After the first step of crystallization, FeSi or Fe crystallites are respectively
finely dispersed in the amorphous matrix. In a wide range of crystallized volume fraction, the
exchange correlation length of the matrix is larger than the average intergranular distance,d,
and the exchange correlation length of the grains is larger than the grain size,D. Therefore, the
smoothing effect of the exchange in a random anisotropy system drastically reduces the average
structural anisotropy. Softness of Fe rich nanocrystals is also due to a second complementary
reason: the opposite sign of the magnetostriction constant of crystallites and matrix which
allows reduction and even compensation of the average magnetostriction [57].

Since the discovery of the soft nanocrystalline materials with great importance in technical
magnetism, many scientific groups also realized the suitability of these systems to obtain
more basic insight. Within a basic perspective, these systems are ideal to ask what is the
appropriate weighted average of the macroscopic properties in two-phase systems strongly
coupled by exchange through an enormous interface area. Classical articles on the basic aspects
related to a nanoparticle system coupled at different degrees through a magnetic matrix start
to appear in 1989: Herzer [58] gave a clear physical explanation to account for the softness
of the nanocrystalline systems; Slawska-Waniewskaet al [59] studied for the first time the
superparamagnetic behaviour of the grains at temperatures above the Curie temperature of
the matrix where the grain coupling is mainly magnetostatic. Hernando and Kulik [60],
Slawska-Waniewskaet al [61] and Gr̈ossingeret al [62] measured the thermal dependence of
the coercivity for samples with different crystallized fraction and found multidomain, single-
domain and superparamagnetic behaviour at different temperature ranges according to the
strength of the intergranular coupling. Magnetic measurements in different compositions and
under different conditions have also been continuously reported [63–72]. Thermally activated
phenomena were analysed by Bassoet al [73].

Based on the Herzer random anisotropy model of nanocrystals, Hernandoet al [74] have
developed a two-phase model which has been carefully analysed and improved by means of
different measurements by Suzukiet al [75–77]. The summary of different results interpreted
in the framework of the two-phase model has been recently published by Arcaset al [78].
Before going into a more detailed description of the effect of the interphase coupling on the
magnetic properties, it must be mentioned that a parallel research effort has been carried
out in the field of two-phase hard magnetic systems, also known as spring magnets. Since
the discovery of the remanence enhancement by Davies’ group [4] in NdFeB nanocrystalline
systems embedded in a soft nanocrystalline Fe rich matrix, different studies have been oriented
to understand the influence of coupling on the hardening and the enhancements of magnetic
properties [79, 80]. The discovery of soft, Fe rich nanocrystals has given rise to an enormous
interest in the crystallization details of these systems as well as in the nature of the intergranular
region. Many articles dealing with detailed experimental observations on the crystallization
process and its kinetics have been recently published [81–86].

Concerning the more intriguing and interesting experimental results caused by the
existence of two phases mixed at nanoscale, let us, first, analyse the anomalous thermal
dependence of the coercivity and, second, discuss (i) the possible existence of exchange
coupling even above the Curie temperature of the matrix and (ii) the matrix Curie temperature
enhancement due to exchange penetration from the grains with much higher Curie temperature.
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Figure 12. Temperature dependence of the magnetizationMs[12 kA m−1] of the alloy studied in the
as-quenched state and after one hour annealing at different temperatures.

5.1. Thermal dependence of temperature: exchange coupling above the Curie temperature of
the matrix?

In [60] the thermal dependence of the coercivity has been studied in a system formed
by α-Fe(Si) single-domain crystallites embedded in a soft amorphous matrix, whose
Curie temperature,Tc[am] , is well below the Curie temperature of crystallites. Different
volume fractions of crystallites,x, were obtained by annealing amorphous composition
Fe73.5CuTa3Si13.5B9 at different temperatures (480, 500, 520, 540 and 580◦C) for 1 hour.
Annealing at temperatures higher than 600◦C resulted in complete crystallization. From
calorimetric measurements, the crystallized fractionx was estimated. According to x-ray
diffractometry the average grain size,D = 14 nm, was roughly constant over the annealing
temperature range. The intergranular average distance was estimated fromD andx, according
to the relationd = D(1/x1/3)−D.

The temperature dependence of the magnetization shows behaviour typical for a material
containing two ferromagnetic phases as shown in figure 12. From these curves an approximate
value ofTc[am] was obtained. The temperature dependence of the coercive field, illustrated
by figure 13, exhibits a peak of coercivity in all the samples studied, which occurs atTp.
The intensity and the width of the peak strongly depend on the annealing temperature, as
summarized in table 1. The curve describing the thermal dependence of the coercivity can
be interpreted within the framework of the two-phase model [74, 78]. At room temperature
the system is soft because the effective exchange between crystallitesA∗ = γ (A1A2)

1/2 is
large enough to make the correlation length larger than both the intergrain distance,d, and
the grain size. As the temperature rises and approachesTc[am] , A2 decreases and some grains
start to be weakly coupled. The exchange correlation length decreases and the crystallites
progressively start to act as pinning centres. Finally, when the temperature reachesTc[am]

the grains form an assembly of exchange uncoupled single domains. Therefore the expected
behaviour aboveTc[am] is that characteristic of a single domain presumably disturbed by dipole–
dipole interactions. In some of the nanocrystalline samples the coercivity abruptly drops to
zero above the peak temperature. Such a drastic decrease indicates a transition from a coupled
two-phase system to a superparamagnetic regime. However, those samples with larger volume
fraction exhibit a slow decrease aboveTp.
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Figure 13. Thermal dependence of the coercive fieldHc of the alloy studied in as-quenched state
and after one hour annealing at different temperatures.

Table 1. Volume fraction of crystalline phase,X1, Curie temperatureTc[am] of amorphous phase
and temperatures characterizing the peak of coercive fieldHc of the alloy Fe73.5CuTa3Si13.5B9 in
as-quenched state and after one hour annealing at different temperaturesTa (all temperatures are
expressed in degrees centigrade).

Ta X1 (%) Tc[am] Tp

As-quenched 0 325
480 15 358 345
500 43 367 375
520 380 410
540 69 326 470
580 75 296 510

Tp was expected to be located atTc[am] and that is the case for low annealing temperatures
(480 and 500◦C). Nevertheless, for higher annealing temperaturesTp is shown to be well
aboveTc[am] . (Tp−Tc[am] ) increases from 30 to 285◦C as the annealing temperature increases
from 520 to 580◦C. This fact was interpreted [60] as evidence that the exchange coupling
between the grains takes place even above the Curie temperature of the matrix when they are
close enough. Notice that the average intergranular distance for annealing temperatures of 520
and 580◦C ranges from 4 nm to 1 nm. Nevertheless, it should be indicated that Herzer [3] has
shown later that dipole–dipole interactions derived from the blocking temperature could also
account for the difference betweenTp andTc[am] .

5.2. Does the exchange field of grains penetrate into the matrix?

An interesting question related to the coupling between two phases with large interface area is
the mutual influence on the values of their Curie temperatures. Experiments carried out on this
subject in either thin layers or granular nanocrystals have been shown to be non-conclusive.
The reason is the lack of a deep knowledge about the nature of the interface. Unavoidable
mixing of atoms at the interface gives rise to the formation of thin layers of alloys with unknown
composition and therefore unknown Curie temperatures. But with great generality it can be
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said that the gradient of properties at the interfaces induces drastic changes in the expected
Curie temperature of nanometric phases. Let us show some experimental results obtained in
nanocrystals of Fe [87]. Starting from the amorphous composition Fe77B18Nb5.1Cu1.3, after
annealing in the temperature range from 455 to 700◦C, samples were obtained formed of bcc
α-Fe nanocrystals, with crystallized fractionsx = 8, 14, 22, 28, 32 and 39 at.%, embedded in
an amorphous matrix. The volume fraction was estimated from the relative resonant area of the
Mössbauer spectra and the grain size from x-ray diffraction pattern through Scherrer formula.
The composition of the amorphous matrix, different for different annealing temperature, was
obtained from the crystallized fraction,x. Amorphous ribbons with the same composition that
the amorphous matrix were also rapidly quenched in order to compare their Curie temperatures.

Table 2 shows the estimated amorphous interphase composition and relevant parameters.
T ∗c[am] corresponds to the Curie temperature of the composition as cast by melt spinning and
Tc[am] is the Curie temperature of the composition when the matrix is Fe nanocrystals.

Table 2. Crystallized volume fraction,X1 estimated matrix composition, grain sizeD, intergrain
distance,d, Curie temperature of the matrix and Curie temperature of the same amorphous
composition free of Fe crystallites in Fe77B18Nb4Cu alloy, in the as-cast and in nanocrystalline
samples annealed at different temperatures.

Tann Estimated amorphous D d T ac T a∗c
(◦C) X1 matrix composition (nm) (nm) (◦C) (◦C)

As cast 0 Fe77B18Nb4Cu 214 214
455 8 Fe75.5B19.2Nb4.3Cu 9 12 273 220
475 14 Fe74.2B20.2Nb4.5Cu1.1 10 11 298 225
510 22 Fe73.5B20.7Nb4.5Cu1.2 10 7 343 235
530 28 Fe70.7B22.9Nb5.1Cu1.3 10 5 355 240
555 32 Fe69.5B23.9Nb5.3Cu1.3 10 4 365 235
580 32 Fe69.5B23.9Nb5.3Cu1.3 11 4 364 235
590 39 Fe67.1B25.7Nb5.7Cu1.4 12 4 355 230

The differenceTc[am] − T ∗c[am] increases up to 95◦C as the average distance between Fe
crystallites decreases to 4 nm. From the magnetic point of view there are two possible types
of interaction which could be invoked to account for this phenomenon: (i) exchange field
penetration and/or (ii) magnetostatic field polarizing the matrix above its Curie temperature, at
which the susceptibility diverges, giving rise to an apparent increase of the order temperature.
The difference between these interactions is in their ranges. The magnetostatic interaction is
long range and can take a maximum value of 2 T in thewhole volume of the matrix. On the
other hand, the effective molecular field withinα-Fe particles is close to 1000 T, but is expected
to decay exponentially in one or two atomic distances along the perpendicular direction to the
interface and inwards toward the matrix. Therefore, if we consider the exchange penetration
to be restricted to an interatomic distance at which the molecular field is 500 T, the matrix
thickness for which both magnetostatic and exchange field takes the same volume average
should correspond to 500 interatomic distances. For shorter matrix thickness the exchange
field, even decreasing so rapidly, becomes much larger than the magnetostatic one. This
argument is quite relevant in nanostructured magnetic systems, for which exchange interactions
becomes stronger than magnetostatic ones. As the increase in Curie temperature due to the Fe
crystallites reaches a value of 100◦C corresponding to 80 T the only interaction with strength
high enough to account for this effective field is the exchange.

As stated above there is another, non-magnetic, possible cause that could be invoked
to account for the differenceTc[am] − T ∗c[am] . This cause has been proposed by Yavari [84]
and can be explained in terms of diffusion layers and sharp concentration gradients. The
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difference in diffusion rates between Nb and B, both rejected toward the matrix area during
crystallization, results in a flat profile of B concentration throughout the matrix thickness but a
sharp concentration of Nb around the Fe crystallite surface. The Curie temperature of the matrix
should be that of the large volume Nb poor–B rich region with higher Curie temperature than
that of an amorphous alloy corresponding to the global composition. Estimation of the possible
Tc[am]−T ∗c[am] expected from experimental results performed with different Nb and B contents
indicates that 25◦C should be the maximum difference due to compositional gradients. It can
be summarized that exchange penetration is likely the main cause of the Curie temperature
enhancement of the matrix, but one cannot discard contributions from magnetostatic interaction
as well as compositional sharp gradients.

Even though different observations performed in multilayers and spring magnets also
support the plausibility of the exchange field penetration assumption, an open field remains to
be explored with high resolution experimental techniques.

6. Conclusions

It can be concluded that the studies in magnetism of nanocrystalline systems have
been strongly stimulated by the development of non-equilibrium fabrication techniques,
high resolution experimental methods and surprisingly outstanding macroscopic magnetic
properties. Nanostructured systems become ideal samples for analysis of basic aspects such as
interface magnetism, interactions and influence of nanoscale fluctuations of the local magnetic
properties on the macroscopic behaviour. Nanocrystalline samples are nowadays used in the
classical magnetic technology as hard and soft magnetic materials. These type of material are
also promising candidates for increasing the memory density in magnetic storage and recording.
An interesting field of research is still open in order to understand magnetic relaxation and the
intimate coupling between core and shell in particles isolated magnetically as well as between
crystallite and grain boundaries.
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