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Abstract. Mössbauer spectrometry and magnetic measurements are employed to experimentally inves-
tigate the magnetic behavior of nanocrystalline Fe73.5Cu1Nb3Si13.5B9 ribbons obtained by appropriate
annealing of the amorphous precursor. A detailed analysis of the correlation between the microstructure of
annealed samples and their magnetic properties is provided. Thermomagnetic data allow the Curie tem-
peratures of both amorphous residual matrix and nanocrystalline phase to be estimated. The differences
between Curie temperatures of amorphous residual matrix and amorphous precursor are investigated and
explained in terms of magnetic polarization of the matrix by exchange fields arising from the nanocrystalline
grains. Theoretical systems of spins consisting of a single ferromagnetic nanocrystalline grain immersed in
weakly ferromagnetic environment, quite similar to our real samples, are considered and their magnetic be-
havior is investigated by Monte Carlo simulation of low temperature spin ordering, with emphasize on the
matrix-nanocrystalline grain interface which is shown to exhibit peculiar magnetic behavior. The magnetic
features of the matrix-nanocrystalline grain interface are studied, as depending on matrix-nanocrystalline
grain exchange coupling as well as crystalline fraction of the nanocrystalline systems.

PACS. 81.07.Bc Nanocrystalline materials – 75.30.-m Intrinsic properties of magnetically ordered
materials – 75.75.+a Magnetic properties of nanostructures

1 Introduction

Investigation of soft magnetic materials has received great
attention during recent years. Nanocrystalline alloys such
as Finemet or Nanoperm have been extensively stud-
ied mostly because of their outstanding potential as
soft ferromagnets or magnetostrictive materials. The so-
called Finemet [1] nanocrystalline Fe73.5Cu1Nb3Si13.5B9

ribbons, obtained after subsequent annealing the amor-
phous precursor, consist of α-Fe(Si) nanocrystalline grains
dispersed into an amorphous residual Fe-Nb-B matrix,
and exhibit thus excellent soft magnetic properties (high
permeability, high saturation magnetization and low mag-
netostriction). These soft magnetic properties are mostly
related to the exchange coupling between nanocrystalline
grains, through the amorphous matrix, if the exchange
correlation length does not exceed the nanocrystalline
grain size [2]. A key issue for understanding how magnetic
features of these nanocrystalline Fe-based ribbons is influ-
encing the expected properties for specific applications,
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b UMR 6087 CNRS
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is to elucidate the correlation between the microstruc-
tural evolution of both the nanocrystalline and amor-
phous residual phase, and the magnetic behavior of the
ribbons. The crystalline volume fraction, as well as the in-
terfaces between nanocrystalline grains and matrix, influ-
ences significantly the magnetic properties of these alloys.
It has been shown that this interface features a disordered
atomic structure and spin-glass-like magnetic behavior [3].
Above the Curie temperature of the amorphous matrix,
the magnetic behavior is strongly dependent on the crys-
talline fraction, i.e. the volume ratio between crystalline
and amorphous phases. A low crystalline fraction leads
to the occurrence of high-temperature superparamagnetic
single domain grains while for a high crystalline fraction
the paramagnetic intergranular phase is polarized by pene-
trating fields arising from the nanocrystalline grains [4–7].
The polarization of the amorphous matrix and the inter-
facial regions by the nanocrystalline grains strongly influ-
ences the magnetic behavior of the nanocrystalline alloys,
leading to local magnetic correlations between spins.

The paper is structured in two main parts. Firstly, an
experimental study of magnetic properties of nanocrys-
talline Finemet ribbons by Mössbauer spectrometry and
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thermomagnetic measurement will be presented. The ob-
served magnetic behavior is correlated with previously ob-
tained structural data on both the microstructure and
phase composition [8,9]. Secondly, the magnetic behavior
of a single ferromagnetic nanocrystalline grain immersed
into a ferromagnetic matrix, by Monte Carlo simulation
of low temperature spin ordering will be investigated. The
simulation results are then corroborated with experimen-
tally obtained magnetic features.

2 Experimental

The amorphous ribbons with nominal compositions
Fe73.5Cu1Nb3Si13.5B9 have been prepared by rapid
quenching of the melt. Detailed description about the
preparation procedure is provided elsewhere [8]. Transmis-
sion 57Fe MS spectra were recorded at room temperature
with a conventional spectrometer using a 57Co source in a
Rh matrix. The isomer shift (relative to metallic α-Fe at
room temperature), quadrupolar shift and hyperfine field
are denoted δ, ε and Bhf , respectively. By ∆ is denoted
the linewidth (full width at half maximum) of the Moss-
bauer lines. Estimated errors for the hyperfine parameters
originate from the statistical errors σ given by the fitting
procedure, taking 3σ. The thermomagnetic measurements
were performed with a Faraday balance in the 293–843 K
temperature range with a 8 K/min heating rate under an
applied field up to 1.5 T.

3 Results and discussions

The initial amorphous state of the as-cast ribbons has
been checked both by X-ray diffraction (XRD) and
Mössbauer spectrometry. The crystallization behavior
has been monitored by differential scanning calorime-
try [8]. The recorded scans evidenced the occurrence of
small exothermic events prior to primary crystallization
at 384 ◦C and 470 ◦C, respectively. The temperature
of primary crystallization (formation of b.c.c. α-Fe(Si)
nanocrystalline phase) is about 522 ◦C, and other suc-
cessive exothermic peaks, corresponding to polymorphic
crystallization, i.e. occurrence of new crystalline phases,
such as borides, and/or transformation of metastable in-
termediate phases, are observed as well.

In order to achieve the nanocrystalline state, the rib-
bons were submitted to annealing treatments in sec-
ondary vacuum to avoid oxidation, at 510 ◦C for 25 min
(A0 sample) and 550 ◦C for 45 min (A1 sample), re-
spectively. XRD results of the annealed samples have
shown that their microstructure consists of body-centered-
cubic b.c.c. α-Fe(Si) nanocrystalline grains embedded in
the amorphous matrix [8,9]. The average nanocrystalline
grain size is determined by the Scherrer’s method [10] to
be 11 nm and 12 nm for the two annealing treatments, re-
spectively. The lattice parameter of the α-Fe(Si) nanocrys-
talline phase in our samples, a = 0.284 nm, corresponds
to a Si content, in the nanocrystalline phase, of about
18 at.%, according to [11].

Fig. 1. Room temperature Mössbauer spectra of the annealed
A0 and A1 samples. The contributions used for the fittings are
shown as well.

3.1 Mössbauer results

The stoechiometric Fe3Si compound exhibits a DO3-type
structure that consists of two different Fe sites: D sites
have 8 nearest-neighbor Fe atoms while A sites have 4 Fe
nearest-neighbors and 4 Si nearest-neighbors. Far from the
stoechiometry the situation would be rather different. For
8 at% Si, the Si atoms are randomly distributed on the Fe
sites in the b.c.c. α-Fe structure. Increasing the Si content
up to 25 at%, the value corresponding to Fe3Si, the com-
pound undergoes a structural phase transition towards an
ordered DO3 structure. For intermediate Si contents, as
is the case of the Finemet-type alloys, of 18–20 at%, the
structure exhibits several non-equivalent Fe sites, as fol-
lows:

(i) the D sites with 8 Fe nearest-neighbors, with a hyper-
fine field close to that of α-Fe (33 T);

(ii) the An sites, where n is the number of Fe nearest-
neighbors (n = 4, 5, 6, 7 and 8), the other nearest-
neighbors being Si atoms.

It should be mentioned that the hyperfine field of
An sites decreases with n, with about 4.5–5 T, for ev-
ery Si atom substituted with Fe. The occupancy of the
An Fe sites depends on the Si content. Taking into ac-
count the Si content obtained from the lattice parameter
of the nanocrystalline phase, the 57Fe Mössbauer spectra
(Fig. 1) recorded for the two annealed samples have been



O. Crisan et al.: Magnetism of nanocrystalline Finemet alloy: experiment and simulation 157

Table 1. The hyperfine parameters of the A0 and A1 samples, as resulted from the fit of Mössbauer spectra.

Sample A0 Sample A1
δ ε ∆ Bhf A δ ε ∆ Bhf A

(T) (%) (T) (%)
Amorphous

sextet 0.07 –0.02 0.86 19.1 15 0.06 0.01 0.86 17.9 12
α-Fe(Si): 0.05 0.01 0.46 31.8 23 0.07 –0.02 0.46 31.9 30

D+A7+A8

α-Fe(Si): A6 0.08 0.01 0.60 28.6 22 0.08 –0.01 0.57 28.9 18
α-Fe(Si): A5 0.18 0.00 0.52 24.4 26 0.19 –0.01 0.47 24.7 22
α-Fe(Si): A4 0.29 0.02 0.43 19.4 14 0.24 –0.02 0.39 20.1 17

Note: δ, ∆ (FWHM) and ε are given in mm/s.
The estimated errors are: ±0.09 mm/s for δ; ±0.05 mm/s for ε; ±0.06 mm/s for ∆; Bhf ; ±0.3 T for Bhf ; ±1% for A.

fitted with 4 magnetic sextets: D+A8+A7, A6, A5 and A4

for the nanocrystalline phase, and one broad magnetic sex-
tet characteristic of topologically disordered materials, as-
cribed to the amorphous residual matrix. Because of the
small difference between the hyperfine fields, the poor res-
olution of the spectra and the sufficiently high Si content
of the samples, leading to small contributions for A8 and
A7, we have thus chosen to fit the D, A8 and A7 con-
tributions on the basis of only one single component. No
constraints have been considered between the hyperfine
parameters and the fitting results were consistent along
all the measured spectra.

Such nanocrystalline alloys are often described as
two-phase (amorphous + nanocrystalline) materials. One
should take into account that the amorphous intergranular
phase is chemically and structurally heterogeneous. It is
obvious that a third structural component corresponding
to atoms located at the grain surfaces and/or in the inter-
phase boundaries has to be considered since both the local
atomic density and the coordination in the boundary re-
gions are different from those of bulk crystalline and amor-
phous phases. For other classes of nanocrystalline mate-
rials (e.g. FeZrCuB) besides the magnetic sextet for the
nanocrystalline phase (in that case α-Fe) and the low-field
hyperfine field distribution for the amorphous phase, a
third contribution corresponding to the interfacial regions
between nanocrystalline grains and amorphous matrix [3]
was introduced to fit the Mössbauer spectra.

Anyway, in our case, due to the complexity of the
nanocrystalline structure and to the high spectral over-
lapping of the different contribution, such a choice would
be meaningless, even if it has been shown [3–7] that the in-
terfacial region shows distinct magnetic behavior than the
nanocrystalline grains and the amorphous matrix. For our
samples, the contribution of the magnetically disordered
crystalline interface would be included in the contribution
due to nanocrystalline grains.

The fitting parameters, as displayed in Table 1, are
consistent for all the measured samples and are in agree-
ment with those found in the literature [12,13]. One should
notice first that the relative proportion (denoted by A
in Tab. 1) of the amorphous phase slightly decreases for
the 550 ◦C annealed sample, compared to the 510 ◦C
annealed one, as expected. A high relative proportion of

the α-Fe(Si) crystalline components (related to the crys-
talline fraction) is obtained from the MS data (around
87%), but this value takes into account the contribution
of both the nanocrystalline phase and the interfacial re-
gions magnetically polarized by penetrating fields from
nanocrystalline grains. To estimate the true crystalline
fraction, we thus consider that the atomic layer at the
nanocrystalline grain surface and the next two successive
layers belonging to the matrix form roughly the “bound-
ary” between the crystalline and the amorphous part
(≈0.9 nm) Assuming that all the nanocrystalline grains
have the same size, i.e. the average value deduced from
XRD data (5.5 nm radius), a simple calculation leads to
the crystalline fraction equal to about 57%, and then to a
rough estimation of the magnetically polarized interphase
region of about 30% of the sample.

The average hyperfine field of the amorphous matrix
decreases with 8%, for A1 compared to A0 sample, ac-
cording to the residual matrix impoverishing in Fe as the
annealing temperature, and consequently the number of
α-Fe(Si) crystallites and/or their size, increases. It follows
that the hyperfine fields for the 4 α-Fe(Si) components
increases with the annealing temperature in average with
about 1.5%. The relative proportion of each of the 4 mag-
netic sextets of α-Fe(Si), related to the Fe sites occupancy,
differs for the two annealed samples. This means that dur-
ing crystallization the Si atoms randomly accommodate
the DO3 sites, depending on the annealing conditions.

3.2 Thermomagnetic data

The magnetic behavior of the annealed samples has been
investigated by thermomagnetic measurements. The data
were obtained by means of a Faraday balance. This
method allows the estimation of the magnetic susceptibil-
ity by measuring the Lorentz force acting on the sample
under an applied magnetic field. At a given temperature,
the susceptibility, can be written as:

χ =
σ

H
+ χ0 (1)

where: χ is the susceptibility, σ the specific magnetization,
H the applied field and χ0 the paramagnetic susceptibility
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Fig. 2. Specific magnetization vs. temperature for as-cast
(open circles) and annealed (open squares) A0 sample. The
fit according to equation (2) give the matrix (dashed line) and
nanocrystalline (continuous line) contributions, respectively.

(zero for ferromagnetic materials). Plotting then χ(1/H)
for four different H values (between 0 and 1.5 T, in our
case), one gets a linear dependence whose slope will be
the specific magnetization σ.

The specific magnetization vs. temperature for both
the as-cast sample (open circles) and for the sample an-
nealed at 510 ◦C (open squares) is presented in Figure 2.

3.2.1 Amorphous precursor

It is well established that the specific magnetization of a
single-phase ferromagnet decreases with temperature ac-
cording to the following Heisenberg-type dependence:

σ(T ) = σ(0)
(

1 − T

TC

)β

(2)

where σ(0) is the specific magnetization at zero temper-
ature, TC the Curie temperature and β the critical expo-
nent (typically β = 0.36 for Heisenberg ferromagnets).

The thermomagnetic curve of the as-quenched sam-
ple shows weak ferromagnetic features, typical for the
topologically disordered Fe-rich amorphous ribbons, i.e.
a decrease given by equation (2) of the magnetization to-
wards zero value, at a temperature value TC correspond-
ing to the Curie point of the amorphous precursor, of
about 390 ◦C. The sample shows zero magnetization up
to about 475 ◦C. Then the magnetization starts to in-
crease. This is due to the onset of crystallization at 475 ◦C.
When the sample begins to crystallize and the number
of progressively formed magnetically ordered nanocrystal-
lites increases with the temperature, the nanocrystals net
magnetization overcomes the thermally induced spin re-
versal and the total specific magnetization of the sample
increases up to a value corresponding to the end of pri-
mary crystallization, point from which the nucleation pro-
cess has finished (≈ 550 ◦C from the DSC curves [8]). At

higher temperatures, it can be assumed that the magne-
tization of the as-cast sample vanishes according to equa-
tion (2). It is worth noticing the fair agreement between
the observed temperature values for both the Curie point
of the amorphous and the onset of crystallization, and
the temperature values of the pre-crystallization exother-
mic events observed by DSC analysis [8]. Therefore, the
above-mentioned exothermic events observed prior to the
crystallization at 384 ◦C and 470 ◦C could be unambigu-
ously assigned to the Curie point of the amorphous and
the onset of crystallization, respectively.

3.2.2 Nanocrystalline state

The specific magnetization vs. temperature curve for the
nanocrystalline sample annealed at 510 ◦C (A0 sample)
shows distinct behavior from that of the as-cast sam-
ple. It can be seen that increasing the temperature the
curve exhibits typical ferromagnetic features – decrease of
the specific magnetization due to thermally induced mag-
netic disorder in the sample – with an inflection point,
characteristic for a two-phase behavior, with well sepa-
rated Curie temperatures, which is usually the case in
nanocrystalline alloys. The decrease of magnetization with
increasing temperature is slower than in the case of the as-
cast amorphous sample and the magnetization values are
higher for the nanocrystalline sample than for the amor-
phous precursor, for any given temperature. It is well es-
tablished [14,15] that below the observed inflection point
the curve comprises the magnetization contribution of the
amorphous residual matrix together with the nanocrys-
talline grains contribution. It should nevertheless be men-
tioned that in this temperature range the nanocrystals,
being ferromagnetically coupled stronger than in the
amorphous, have a less important contribution to the mag-
netization decrease than the amorphous. Above the in-
flection point, the amorphous contribution to the mag-
netization vanishes and only the nanocrystals contribute
to the net magnetization of the sample. By separating
the low temperature profile (contribution of the amor-
phous phase) from the high temperature profile (con-
tribution of only the nanocrystalline grains) and nu-
merically fitting them to equation (2), one can roughly
estimate the Curie temperatures of the amorphous as well
as of the nanocrystalline phase. The fittings are showed
in Figure 2 by solid line (nanocrystalline contribution)
and dashed line (amorphous part), respectively. The amor-
phous contribution has been obtained by subtraction of
nanocrystalline contribution (solid line) from the experi-
mental data, for temperatures below the inflection point.
The numerical fitting results shows that the Curie tem-
perature of the α-Fe(Si) nanocrystalline grains is about
590 ◦C, while the Curie temperature of the residual amor-
phous is about 440 ◦C. If we compare this value with that
obtained for the amorphous precursor (390 ◦C), with iron
content obviously higher than the amorphous residual ma-
trix, the Curie temperature increases thus of about 12%.
This increase is a further indication of the magnetic polar-
ization of the amorphous residual matrix by penetrating
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fields arising from nanocrystalline grains. It is expected
to be even larger if one compares the amorphous residual
matrix with an amorphous as-quenched alloy of identi-
cal composition. Some authors [6,16] have reported an in-
crease of TC with up to 100 K for the amorphous residual
matrix compared to the amorphous as-cast samples with
identical composition, in the case of Fe-Zr-B-Cu and Fe-
Nb-B-Cu (Nanoperm) alloys. However, unlike the Nanop-
erm alloy, in the case of Finemet nanocrystalline alloys,
the exact composition of the amorphous residual matrix
is difficult to obtain from Mössbauer data, mainly due to
the lack of estimation of the interfacial region. These diffi-
culties could nevertheless be overcome using Monte Carlo
simulation, as shown hereafter.

Moreover, by extrapolating the nanocrystalline contri-
bution (high temperature profile) towards low tempera-
tures, one can observe that the initial magnetization value
of the nanocrystalline grains σnano(0) is about 90 emu/g
while the initial magnetization value for the whole sam-
ple σ(0) is about 150 emu/g. This indicates a crystalline
fraction of 60%, in very good agreement with the esti-
mated crystalline fraction from Mössbauer data (57%) cor-
related to the assumption that the magnetically polarized
interfacial region comprises two atomic layers, successive
to the surface layer of the nanocrystalline grain. The cor-
rectness of our assumption will get further confirmation
from Monte Carlo simulations, in the next section.

3.3 Monte Carlo simulation

The nanocrystalline grain exchange field penetration into
the matrix is still an open issue [17–19]. Both tempera-
ture dependence of magnetization [3] and 57Fe Mössbauer
spectrometry [20] in two-phase nanocrystalline alloys gave
evidence for exchange coupling between the grains even
above the Curie temperature of the matrix. This exchange
field penetration has been also observed and modeled
by several authors using random anisotropy concept [21],
molecular field approach [18,19] and assuming an expo-
nential decay of exchange interactions through the amor-
phous matrix [6,16]. It should be noted, anyway, that all
these approaches are based on experimental features (ei-
ther Mössbauer or magnetic measurements) performed on
the integrality of the specimens. By using Monte Carlo
simulation, one can directly obtain the magnetic behavior
of outer shells of the nanocrystalline grain or of the inter-
facial regions (2–3 successive atomic layers covering the
nanocrystalline grain) and their behavior could be corre-
lated with evolution of physical parameters hardly tunable
in real materials, such as the matrix-nanocrystalline grain
exchange coupling, or surface anisotropy. Indeed, Monte
Carlo simulation is a suitable approach to predict behav-
iors, using simple assumptions such as small and idealized
systems, even submitted to extreme conditions which can-
not be achieved in laboratories (high magnetic fields).

In the following, the magnetic properties of a single
ferromagnetic nanocrystalline grain immersed in a weakly
ferromagnetic matrix are studied by means of Monte Carlo
simulation of low temperature spin ordering, using the

Fig. 3. Structure of the central plane of the 153 cubic box
which contains the spherical nanocrystalline grain. The AA
region corresponds to the nanocrystalline grain core and BB
to the matrix. The AB and BA regions correspond, respec-
tively, to the nanocrystalline grain surface and to the matrix-
nanocrystalline grain interface.

classical Metropolis algorithm [22]. Different contributions
to the total magnetization, arising from the core and sur-
face of the nanocrystalline grain, as well as from the inter-
face between the nanocrystalline grain and the matrix and
from the matrix itself, can be independently evidenced.

The system dealt with is a cubic box containing
153 sites on a simple cubic lattice. To each site, we as-
sign a classical spin Si interacting with its six nearest-
neighbors via an exchange coupling constant Jij . Inside
this box, we define a sphere of radius R (in units of the
interatomic distance). The sites belonging to the sphere
(nanocrystalline grain) are denoted as A sites, while the
others, belonging to the matrix, are denoted as B sites.
Moreover, we define two non-equivalent atomic layers at
the nanocrystalline grain surface: the first one consists of
A sites having at least one first-nearest-neighbor of B type
and denoted AB, and the other consists of B sites having
at least one first-nearest-neighbor of A type, denoted BA.
These two atomic shells are assimilated to the nanocrys-
talline grain surface and to the matrix-nanocrystalline
grain interface, respectively. Their magnetic behavior dif-
fers from that of the bulk (AA and BB regions). The cross-
section of the 153 sites cubic box containing a nanocrys-
talline grain of R = 6, with the different regions explained
above, is shown in Figure 3. Because of the lower co-
ordination of the sites in the surface leading to a dis-
tribution of magnetization over the whole system, one
has to consider JAA �= JBB �= JAB (for reasons of sym-
metry JAB = JBA). The macroscopic thermodynamic
properties, such as the temperature dependence of mag-
netization, specific heat and magnetic susceptibility, are
obtained from a Heisenberg-type hamiltonian which con-
tains terms corresponding to exchange and anisotropy en-
ergy contributions. The Hamiltonian defined at a given
site i reads:

Hi =
∑
j∈V

Jij Si · Sj − KV (Si,V · ŷ)2 − KS(Si,S · n̂)2. (3)
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V is the nearest-neighborhood of site i, Jij are the ex-
change coupling constants, Si, Sj the spins corresponding
to i and j sites, K the site-dependent anisotropy constant
(K = KS for AB sites and K = KV elsewhere). For sim-
ulation we have chosen a system composed of one ferro-
magnetic nanocrystalline grain (JAA > 0) with strongly
coupled spins, embedded in a ferromagnetic environment
(JBB > 0) with more weakly coupled spins, typical of
the amorphous matrix in a nanocrystalline soft magnetic
alloy. The size of the nanocrystalline grain ranges from
R = 4 (N ≈ 268 sites) to R = 7 (N ≈ 1437 sites).
These values correspond to atomic crystalline fractions
(number of A sites per total number of sites in the cubic
box) of 8% and 43%, respectively. For the system with
R = 7, the size of the distinctly defined regions is as fol-
lows: NAA = 905 sites; NAB = 532 sites; NBA = 708
sites and NBB = 1230 sites. We associate the same spin
value S = 1 to each site. The exchange coupling constants
JAA and JBB are taken equal to 3 and 1/2, respectively,
while that between the nanocrystalline grain and the ma-
trix JAB ranges from 0.01 (almost decoupled) to 50 (very
strong coupling). The unit of J is roughly equivalent to K.
The calculations were performed using periodic bound-
ary conditions. The magnetocrystalline anisotropy is uni-
axial along the y-axis and equal for the matrix and the
nanocrystalline grain core: KV = 0.3. Moreover, we define
for the AB region (nanocrystalline grain surface) a surface
anisotropy which is oriented normally to the nanocrys-
talline grain surface, the anisotropy constant being taken
in present calculations KS = 3.0.

The temperature dependences of magnetization ob-
tained for different nanocrystalline grain sizes and differ-
ent JAB values show the two-phase behavior, typical for
nanocrystalline soft magnetic alloys. The two contribu-
tions that behave distinctly could unambiguously be at-
tributed to the matrix and the nanocrystalline grain. For
low temperatures, the magnetization decreases sharply
with increasing temperature, typical for weakly coupled
ferromagnetic materials, up to a temperature value iden-
tified as the Curie temperature of the matrix (hereafter
denoted T M

C ). For temperatures higher than T M
C , the mag-

netization changes the slope and decreases very slowly,
typical for strongly coupled ferromagnetic materials, up
to a temperature value identified as the Curie tempera-
ture of the nanocrystalline grain (hereafter denoted T N

C ).

In Figure 4 we plot the normalized magnetization vs.
temperature curves obtained for the system with R = 7
equivalent to crystalline fraction fcryst = 43%, consider-
ing: (a) JAB = 2, and (b) JAB = 0.01. The total magneti-
zation as well as the magnetization contributions of all 4
distinctly defined regions is shown. For the almost decou-
pled system, i.e. JAB = 0.01, MBB and MBA contributions
vanish at T M

C value as expected, while MAA and MBB

contributions vanish at T N
C . The magnetization values at

0 K are proportional to the volume of each region, since
the magnetic moments of all sites have the same value.
The total magnetization dependence representing the sum
of all contribution does not vanish at T N

C as expected,

Fig. 4. The total magnetization as well as the contribution
to the magnetization of all 4 components (AA, AB, BA and
BB) vs. temperature for the almost decoupled system JAB =
0.001 (bottom) and for the system with JAB = 2 (top). The
vertical dashed line represents the TC of the matrix for the
almost decoupled system. Inset of upper figure: the interface
contribution to the magnetization MBA for the coupled system
with JAB = 2.

the observed small tail being due to the finite-size effects
in our system. Considering now a matrix-nanocrystalline
grain coupling JAB = 2 (lower than in the crystalline
part AA and higher than in the matrix part BB, as is
the case in real nanocrystalline materials), one can ob-
serve from the Mtot and MBB dependences that T M

C in
this case is slightly higher than T M

C of the almost de-
coupled system (dashed line in the Fig. 4), indicating a
magnetic polarization of the matrix by the exchange cou-
pling in the matrix-nanocrystalline grain interface. MAA

and MAB do not vary, indicating a lack of magnetic influ-
ence of the interface on the nanocrystalline grain ordering
(mainly because JAB < JAA). The most interesting behav-
ior is exhibiting by MBA dependence (also shown in inset
of Fig. 4). MBA not only vanishes far above T M

C of the
matrix – in fact it vanishes at T N

C , just as the nanocrys-
talline grain core and surface contribution, thus providing
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Fig. 5. The increase of TC of the matrix compared to that of
the almost decoupled system (see the text) vs. the ratio be-
tween matrix-nanocrystalline grain and nanocrystalline grain
exchange coupling JAB/JAA, for different crystalline fraction.

an increase of its TC of more than 300% – but also the de-
pendence is far from the expected ferromagnetic profile,
exhibiting a rather paramagnetic-like behavior instead.
Evidences about paramagnetic behavior of the interface
in various nanocrystalline (either Finemet or Nanoperm
type) alloys have been reported by several authors [3,19]
and explained by boron enrichment of the interface during
annealing [19]. As in our simulation, no difference is as-
sumed between atoms in nanocrystalline grain, matrix or
interface, this result suggests that the high degree of mag-
netic disorder (apparent paramagnetism) of the shell con-
sidered as matrix-nanocrystalline grain interface, in real
materials, could also be due to the difference in exchange
coupling values of its neighborhood (weak for the matrix
and strong for the nanocrystalline grain) and also to the
competition between enhanced surface anisotropy and ex-
change coupling inside the nanocrystalline grain. A de-
tailed Monte Carlo investigation of the influence of this
competition on the equilibrium spin configurations in iso-
lated nanoparticles, has shown that this would give rise
to a spin-glass-like configuration in the interfacial region
leading to a ‘throttled’ spin configuration in the nanopar-
ticle core [23].

The above-mentioned observations of T M
C increase

could be made quantitative if plotting the ratio be-
tween T M

C for exchange coupled systems and T M
C for

decoupled system (denoted hereafter T M
C (0)) as a func-

tion of JAB/JAA ratio for different crystalline fractions
(Fig. 5). One can see the sudden increase of T M

C for rel-
atively small JAB/JAA values (0.3–0.5), an increase that
is sharper as the crystalline fraction is higher. With fur-
ther increasing of JAB/JAA only slight increase of T M

C
is observed, the curves almost reaching the saturation
for JAB/JAA = 3. It is worth to mention that the T M

C
values for JAB/JAA > 1, have no physical meaning in our
case since in the soft magnetic nanocrystalline alloys the
matrix is more weakly coupled than the nanocrystalline
grains. Nevertheless, the results at high JAB/JAA ratios

could be used to predict the behavior of different sys-
tems, such as core-shell particles with nonmagnetic core
and magnetic shell [24].

Concerning the exchange field penetration into the
amorphous matrix, it is generally assumed [6] as following
an exponential decay with the distance from the nanocrys-
talline grains surface:

J(d) = Jcore exp(−d/l) (4)

where: J(d) is the exchange coupling at a distance d
from the surface of the nanocrystalline grain, Jcore is the
exchange coupling inside the nanocrystalline grain core
(JAA) in the case of our simulation) and l is the exchange
correlation length. Assuming l = 5 Å, typical for this type
of materials, and Jcore = JAA = 3, for the interfacial re-
gion AB, i.e. at about 3 Å from the nanocrystalline grains
surface, we obtain the ratio J(d)/Jcore ≈ 0.55 (the dashed
line in the Fig. 5). Under this assumption, it looks like
the simulation using JAB/JAA ratio of 0.55 is in the most
reasonable agreement with the situation in real nanocrys-
talline alloys. It follows that in the interfacial region (at
about 3 Å from the nanocrystalline grains surface) the es-
timated increase for T M

C is about 50%, for a crystalline
fraction of 43%. This increase occurs at a lesser extent
for lower crystalline fractions (only 8% for a crystalline
fraction of 8%). It is expected that higher nanocrystalline
grain size and crystalline fraction would result in further
increase of T M

C and would lead even to a hardening of
the magnetism since the nanocrystalline grains would ul-
timately be in contact.

4 Conclusions and summary

Detailed experimental investigation of the Finemet-type
nanocrystalline ribbons, obtained after annealing amor-
phous precursor, has been performed. 57Fe Mössbauer
data have shown that the microstructure obtained after
annealing is formed by α-Fe(Si) solid solution dispersed
in the residual amorphous matrix, thus confirming the
structural analysis. The hyperfine fields corresponding to
the different non-equivalent Fe sites in the α-Fe(Si) DO3-
type structure are shown to increase as the crystalliza-
tion is further promoted at the expenses of the amorphous
matrix which becomes impoverished in Fe. The complex-
ity of the nanocrystalline phase in our system, involv-
ing the use of multiple magnetic sextets for Mössbauer
data analysis, makes meaningless the addition of a sup-
plementary component that should account for the spin-
glass-like, highly disordered, matrix-nanocrystalline grain
interface. Nevertheless, we have been able to estimate, as-
suming that two or three successive atomic layers covering
the nanocrystalline grain are magnetically polarized by
the exchange fields penetrating from the nanocrystalline
grains, the crystalline fraction and the interface-to-volume
ratio in our samples. The value obtained for the crystalline
fraction was remarkably confirmed from thermomagnetic
data for the annealed samples. Detailed analysis of the
thermomagnetic behavior of both as-cast and annealed
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samples allowed us to obtain the Curie temperatures of
the amorphous precursor, amorphous residual matrix in
the annealed samples and of the nanocrystalline phase.
An increase of TC of about 12% for the amorphous resid-
ual matrix compared to that of the amorphous as-cast
sample provided evidence for the magnetic polarization of
the amorphous residual matrix by penetrating fields aris-
ing from nanocrystalline grains. During the crystallization
process, small exothermic effects prior to the crystalliza-
tion (384 ◦C and 470 ◦C) have been reported [8]. We have
been able to assign these effects, by using the thermomag-
netic measurements of the amorphous precursor, to the TC

of the amorphous phase and the onset of crystallization,
respectively. Deeper investigations of the magnetic be-
havior of the matrix-nanocrystalline grain interface have
been performed employing the Monte Carlo simulation of
low temperature spin ordering, which can give direct in-
sight on the two or three atomic layers at the interface
between nanocrystalline grain and matrix. Considering
a system composed of a single ferromagnetic nanocrys-
talline grain immersed into a weakly ferromagnetic envi-
ronment, quite similar to our real samples microstructure,
and a Hamiltonian comprising exchange, magnetostatic
and anisotropy terms, we have described the temperature
dependence of magnetization of the nanocrystalline grain
core, nanocrystalline grain surface, matrix-nanocrystalline
grain interface and matrix itself. It has been shown that
for intermediate exchange coupling values between the
nanocrystalline grain core and matrix values, as is the
case in real materials, a significant increase of T M

C oc-
curs, and this increase is higher as the crystalline frac-
tion in the sample increases. This behavior has been in-
terpreted as a further proof of magnetic polarization of
the matrix by the exchange fields arising from nanocrys-
talline grains. An interesting aspect has been revealed by
the magnetic behavior of the first atomic layer successive
to the nanocrystalline grain surface. On imposing a slight
exchange coupling between nanocrystalline grain and ma-
trix, its magnetization does not vanish at T M

C for the al-
most decoupled system but at T N

C , just like the nanocrys-
talline grain core and surface and, moreover, its behavior
is rather paramagnetic, featuring the high spin disorder at
the matrix- nanocrystalline grain interface. More detailed
studies are nevertheless imperative to accurately describe
the effects of the magnetic polarization of the matrix by
the nanocrystalline grains on other macroscopic proper-
ties, as is the case of thermal dependence of anisotropy,
coercivity and hysteresis.

The authors wish to acknowledge the help of A. Jianu (NIMP)
for the synthesis of the ribbons. Part of this work has been
performed in the frame of the “Formation Recherche” pro-
gram 90RO933 no. 152309L, granted by the Ministère Français
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