
PHYSICAL REVIEW B 1 NOVEMBER 1998-IIVOLUME 58, NUMBER 18
Model of exchange-field penetration in nanocrystalline Fe87Zr 6B6Cu alloys
from magnetic and Mössbauer studies
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Apartado 644, E-48080, Bilbao, Spain
~Received 29 December 1997; revised manuscript received 19 May 1998!

Magnetic measurements, x-ray diffraction, and Mo¨ssbauer spectroscopy have been used to study the struc-
tural and magnetic changes produced by annealing Fe87Zr6B6Cu amorphous alloys during the nanocrystalliza-
tion process. Thermal annealing causes a devitrification of the amorphous phase giving rise to Fe crystallites in
an amorphous remaining matrix. The amorphous phase shows an enhancement of the Curie temperature (Tc)
and large changes in the hyperfine-field distribution@P(Bhf)# in the presence of the crystallites. This is caused
by compositional changes of the amorphous phase and exchange-field penetration from the Fe crystallites. A
model, based on an exponential decay of the exchange field into the remaining amorphous phase and a
distribution of the crystallites in a regular cubic array, is proposed to evaluate the effects of the exchange-field
penetration on theTc andP(Bhf). The model is applied to the partially crystallized Fe87Zr6B6Cu and to data on
Fe77B18Nb4Cu taken from the literature. Quantitative agreement between the model and the average Curie
temperature of the amorphous matrix is found. Changes of the coercive field with the annealing temperature in
the nanocrystalline samples have also been evaluated within the model. Variations of the hyperfine-field
distribution in the amorphous phase are discussed in terms of exchange-field penetration and compositional
inhomogeneities.@S0163-1829~98!03341-4#
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I. INTRODUCTION

Since Yoshizawaet al.1 reported the excellent soft mag
netic properties of partially crystallized Fe-rich nanocryst
line materials, great effort has been made in order to find
best materials and crystallization procedures to improve t
magnetic properties. These materials, typically FeSiNbC
and FeZrCuB amorphous alloys, present at least two dif
ent, well defined crystallization stages.2–4 In the first stage an
Fe-based phase crystallizes: DO3-FeSi in FeSiNbCuB and
a-Fe in the FeZrCuB alloys. As the first stage of crystalliz
tion does not present any overlap with the second stag
partial crystallization of these alloys produces a nanocrys
line structure, where the grains are isolated from one ano
by an amorphous ferromagnetic matrix.

The excellent magnetic properties of these materials
due to the exchange coupling of the nanocrystals via
amorphous matrix which averages out and suppresses
macroscopic magnetic anisotropy.5 An important conse-
quence of such interactions is the increase in coercivity (Hc)
when the temperature is raised above the Curie tempera
(Tc) of the amorphous matrix and the changes of the m
netic properties of the amorphous phase produced by
presence of the crystallites. For example, Curie temperat
which are higher than those corresponding to the actual c
position have been observed for the amorphous phase in
tially crystallized Fe~Si!NbCuB.6,7 The magnetic propertie
of the nanocrystals are also affected by their small size
the surrounding amorphous matrix, which has a lower m
netization than the bulk crystals, when the crystalline fr
tion is larger.4,8 The theoretical explanation of many of the
properties is related to the exchange coupling between
PRB 580163-1829/98/58~18!/12147~12!/$15.00
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amorphous phase and the nanocrystals, and to exchange
penetration from the latter into the former. Hernandoet al.6

have proposed an exponential decrease of the molecular
of the nanocrystals in the amorphous matrix, which expla
the ‘‘average behavior’’ observed inHc andTc . Such effects
are additional to the compositional and structural chan
observed in the amorphous matrix upon nanocrystallizati

Studies which have so far reported on the exchange p
etration of the nanocrystals into the amorphous ma
have been performed mainly by means of macroscopic m
surements, such as coercivity or average Curie tempera
A microscopic technique such as Mo¨ssbauer spectroscop
can give detailed insight, on the atomic level, of these
fects. Several works have been reported on nanocrysta
FeSiNbCuB ~FINEMET type! alloys using Mo¨ssbauer
spectroscopy.4,9–11However, the complexity of their spectra
due to the different Fe positions present in the DO3 FeSi
structure, obscures other interesting effects such as the
portance of an interphase region or the exchange-field p
etration in the amorphous matrix. The latter is also diffic
to ascertain due to the relatively high Curie temperature
the amorphous phase in these alloys. In the FeZrCuB all
the nanocrystalline phase is quite simple:a-Fe. Moreover,
the Curie temperature of the amorphous phase in these a
is very close to room temperature, so any interaction or m
netic change can be easily resolved by Mo¨ssbauer spectros
copy. Magnetic measurements around theTc of the amor-
phous matrix are also easier and there is no risk of furt
crystallization during the measurements. Thus, FeZrC
presents a better system for investigating such effects.

The aim of this work is a detailed study of the structu
and magnetic properties of Fe87Zr6CuB6 nanocrystalline al-
12 147 ©1998 The American Physical Society
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12 148 PRB 58GARITAONANDIA, SCHMOOL, AND BARANDIARÁ N
loys, and, in particular, the exchange coupling between
nanocrystals and the amorphous matrix, from the early sta
of the crystallization. In this paper Mo¨ssbauer and magneti
measurements, giving the Curie temperature distribution
the amorphous matrix, are reported. A second paper will d
with the interpretation of ferromagnetic resonance exp
ments on the same samples.12

II. EXPERIMENTAL

FeZrCuB amorphous ribbons were obtained by the m
spinning technique under a controlled atmosphere. In o
to determine the best heat treatments to obtain a wide ra
of partial crystallizations, a calorimetric scan was perform
using a differential thermal analyzer~DTA! at heating rate of
20 °C min21. Figure 1 shows the heat flow curve vs tempe
ture and exhibits two different crystallization processes
temperatures of 567 and 765 °C. The first of them is ass
ated with the crystallization of thea-Fe in a nanocrystalline
state. So, one hour isothermal treatments at 350, 375,
450, 475, 500, 525, and at 575 °C~where the first crystalli-
zation process has finished! were performed in the DTA ap
paratus in an Ar atmosphere.

The state of the crystallization in the samples was de
mined by x-ray diffraction~XRD! using CuKa radiation.
The peaks corresponding to ana-Fe polycrystalline foil were
also used to obtain the instrumental corrections. The d
obtained by this technique allows the identification of t
different crystalline phases as well as the average grain
diameter and the lattice parameter of thea-Fe phase.

Magnetic measurements below 400 K were performed
a Quantum Design superconducting quantum interfere
device magnetometer. We have obtained the evolution of
magnetization with the temperature of the samples at 5 G in
order to reduce, as much as possible, the effect of the app
field. Magnetization measurements above 400 K were
tained with a Manics DSM-8 Faraday magnetometer with
external field of 800 G.

Mössbauer spectroscopy was performed at room temp
ture in the transmission geometry using a conventio
constant-acceleration spectrometer with a57Co-Rh source.
Because of the sensitivity of the spectra to tempera
changes~which is due to the closeness ofTc of the amor-

FIG. 1. DTA curve of the amorphous Fe87Zr6B6Cu sample.
e
es

in
al
i-

lt
er
ge
d

-
t
i-

5,

r-

ta

ze

n
ce
e

ed
b-
n

ra-
l

re

phous phase to room temperature! special care was taken i
order to maintain a constant temperature (29060.5 K) dur-
ing all experiments.

III. RESULTS

A. X-ray measurements

Figure 2 shows the x-ray diffraction~XRD! patterns of
the as-quenched and annealed samples. In the diffraction
tern corresponding to the as-quenched sample and tha
annealed at 350 °C, there is no evidence of any crystal
reflections. Only two broad halos, characteristic of the am
phous materials are present. In the pattern of the sam
annealed at 375 °C, the narrowing of the main halo and
shoulder at 2u565°, corresponding to the~200! a-Fe peak,
indicate that the Fe crystallization process has begun.
crystallization is more evident in the diffraction pattern
the sample annealed at 425 °C: small peaks correspondin

FIG. 2. X-ray diffraction patterns for the samples in the a
quenched state and isothermally annealed for one hour, anne
temperatures are indicated.
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the a-Fe bcc phase and a large amount of amorphous p
appear together.

For the samples annealed at higher temperatures thes
fraction peaks become more intense, showing that
amount of crystalline phase is increasing at the expens
the amorphous phase. New small crystalline peaks appea
the samples annealed at 525 and 575 °C. These can b
signed to ZrO2 ~the reflection at about 30°! and iron-
zirconium phases (Fe3Zr, Fe2Zr).13,14

The lattice parameter of thea-Fe phase has been calc
lated by means of the cosu cotanu method using the~110!,
~200!, and~211! diffraction peaks,15 and the grain size of the
a-Fe crystals has been obtained from the width of the m
peak, corresponding to the~200! reflection. The values are
shown in Fig. 3~a!.

B. Mössbauer measurements

In Figs. 4 and 5, we show the Mo¨ssbauer spectra alon
with the corresponding hyperfine field distributions for t
samples from the as-quenched state to that anneale
575 °C for 1 h.

The fitting of the Mössbauer spectra has been perform
using the NORMOS program, developed by Brandet al.16

This allows a simultaneous fit of several crystalline spec
with possible addition of an amorphous phase, which is ch
acterized by a distribution of hyperfine fieldsBhf with prob-

FIG. 3. ~a! Variation of the grain sizeD and lattice paramete
for the a-Fe crystallites as a function of the annealing temperat
~b! Relative percentage of iron in the crystalline, amorphous ph
and interphase regions as a function of the annealing tempera
The data has been determined from Mo¨ssbauer results.
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ability P(Bhf). The fittings have been performed using dif-
ferent procedures depending on state of crystallization in th
samples.

~a! In the Mössbauer spectra of the as-quenched samp
and that annealed at 350 °C 1 h there is no evidence of crys-
tallization, so aP(Bhf) has been used to fit both. These kinds
of samples present typical asymmetries due to the correlati
between the magnetic dipolar contribution and the electr
field gradient17 and due to the correlation between the loca
hyperfine field and the isomer shift~d!. In order to evaluate
this correlation a linear relation betweenBhf and d in the
distribution has been used:

d~Bj !5d~B0!1a~Bj2B0! ~1!

.
e,
re.

FIG. 4. Mössbauer spectra and fittings for the as-quenche
sample and samples annealed at 350, 375, 425, and 450 °C. T
corresponding hyperfine-field distributions are given on the righ
hand side.
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FIG. 5. Mössbauer spectra and fittings for the samples annealed at 475, 500, 525, and 575 °C. The hyperfine-field distributio
remaining amorphous phase and the 30 T contribution~see text! are given on the right-hand side.
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whereB0 is the lowest value for the hyperfine field distrib
tion andj runs over the allowed range ofBhf .

~b! In the samples with small crystalline fraction
~samples annealed at 375, 425, 450 °C 1 h! a crystalline sex-
tet, with a linewidth greater than that of thea-Fe foil, has
been used for fitting the bcc-Fe subspectrum and aP(Bhf)
for the remaining amorphous phases, which have Curie t
peratures above 290 K.

~c! For samples with larger crystalline fractions a hig
field component of theBhf around 30 T is clearly evident in
addition to the magnetic sextet attributed to the bcc-Fe c
talline grains. This component increases with the crystalli
tion, suggesting the existence of a relation with the crys
line phase. This contribution evolves in a different way fro
the amorphous phase. Therefore, two differentP(Bhf), and a
crystalline sextet for the bcc-Fe contribution, have be
used. This permits the introduction of different relationsh
betweend and Bhf @Eq. ~1!# for each distribution and the
-

s-
-
l-

n
s

independent evaluation of the two contributions. The lim
of these distributions have been chosen to be equal for al
samples: from 25–37 T for the 30 T contribution and fro
0–28 T for the amorphous phase. These are similar to th
chosen by other authors9 for fitting this kind of sample. With
these limits we obtained a continuous and smooth evolu
of the amount of both contributions as the crystallizati
proceeds. Moreover hyperfine parameters such as^Bhf& and
^d& are almost constant for the 30 T contribution~see Table
I!.

In order to take into account the anisotropies induced
the sample obtainment procedure and by the thermal tr
ments, the intensity radio of the second to the third line w
allowed to vary in the fittings. The obtained value for th
as-quenched sample is 2.8, decreasing down to 2.4 as
annealing temperature increases, in agreement with a ma
tization which evolves from in plane to a random distrib
tion.
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TABLE I. Hyperfine-field parameters and relative Fe percentage~%! in each subspectrum obtained fro
the Mössbauer spectra for the samples annealed at the indicated temperatures.Bhf and^Bhf& are the hyperfine
field and the average of the hyperfine field, respectively: The isomer shift and the average of the isom
~d and^d&! are taken with respect to ana-Fe calibration foil measured at room temperature. The parameta
is that given in Eq.~1!. Uncertainties for the last significant figure are given in brackets.

Amorphous phase
Tann ~°C! % ^Bhf& (T) d ~mm/s! a ^d& ~mm/s!

as-quenched 100.0 5.5~2! 20.11~1! 0.007~1! 20.07~1!

350 100.0 4.6~3! 20.11~1! 0.009~1! 20.07~1!

375 99.0 ~2! 5.1 ~1! 20.11~1! 0.006~1! 20.07~1!

425 95.5 ~2! 5.4 ~2! 20.11~1! 0.007~1! 20.07~1!

450 94.1 ~2! 6.0 ~1! 20.11~2! 0.005~1! 20.08~2!

475 72.6 ~3! 10.5 ~1! 20.13~1! 0.006~1! 20.07~1!

500 44.4 ~7! 13.3 ~1! 20.16~1! 0.005~1! 20.09~1!

525 35.6 ~7! 13.9 ~2! 20.20~2! 0.007~1! 20.10~2!

575 25.9 ~3! 13.2 ~3! 20.21~1! 0.007~2! 20.14~1!

a-Fe phase Interphase
Tann ~°C! % ^Bhf& (T) d ~mm/s! % ^Bhf& (T) ^d& ~mm/s! a

375 1.0 ~2! 32.1 ~1! 0.04 ~2!

425 4.5 ~2! 32.8 ~1! 20.01 ~1!

450 5.9 ~2! 32.9 ~1! 0.00 ~1!

475 21.3 ~3! 32.9 ~1! 0.00 ~1! 6.1 ~3! 31.0 ~1! 0.01 ~1! 20.009~3!

500 44.2 ~7! 33.0 ~1! 0.00 ~1! 11.5 ~7! 30.4 ~2! 0.00 ~1! 20.009~3!

525 51.9 ~7! 33.1 ~1! 0.00 ~1! 12.5 ~7! 30.2 ~2! 20.01 ~1! 20.007~3!

575 63.7 ~3! 33.1 ~1! 0.00 ~1! 10.4 ~3! 30.2 ~2! 0.01 ~1! 20.002~2!
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The amount of Fe in each phase has been obtained
the resonant area of the different contributions, assuming
same recoil-free fraction in all cases. These values and
hyperfine parameters obtained in the fit are shown in Tab
Both the percentage of the bcc crystalline phase and tha
the 30 T contribution increase with the annealing tempe
ture, but not in the same proportion. This fact will be d
cussed in Sec. IV.

The P(Bhf) corresponding to the sample annealed
350 °C 1 h isnarrower than that corresponding to the a
quenched one, and the average value ofBhf (^Bhf&) has de-
creased. TheP(Bhf) becomes broader when the crystalliz
tion has begun and further broadens as it progresses. A s
shoulder appears at 10 T and a new contribution at 24 T
appears in theP(Bhf) corresponding to the sample anneal
at 475 °C. These contributions persist in theP(Bhf) of the
samples treated at higher temperatures, together with a
tinuous increase of̂Bhf&.

C. Magnetic measurements

The Tc values of these samples are very sensitive to
external applied field.18,19 Therefore, in order to avoid field
effects, the lowest possible external fields have been u
TheTc value for each sample was obtained from the deri
tive of the M (T) curves~see Figs. 6 and 7!. This gives a
sharp minimum in samples annealed at low temperatu
where theTc is well defined.

TheTc of the sample annealed at 350 °C~295 K! shows a
decrease with respect to the as-quenched sample~298 K!.
This fact agrees with the observed decrease of^Bhf&. How-
ever, in the sample annealed at 375 °C, where the cryst
m
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zation process has begun, theTc of the amorphous phas
starts increasing and continues to do so as the crystalliza
proceeds. TheM (T) curves also show that the magnetizati
drop at theTc of the amorphous phase becomes smoothe
the crystallized fraction increases. This suggests that the
rie temperature of the amorphous matrix is not unique, a
there is a distribution of Curie temperatures. In this ca
changing the sign of the derivative ofM (T) and normaliz-
ing, we obtain the distribution ofTc rather accurately. The
low field used in the measurements gives very narrow pe
when theTc is well defined. We have considered the avera
temperature of the distributions as the representativeTc of
these samples.

IV. EVOLUTION OF THE NANOCRYSTALLINE PHASE

In the hyperfine field, there is a 30 T feature associa
with the crystalline phase; this is in addition to the we
known 33 T sextet ofa-Fe. This contribution appears in th
Mössbauer spectra of the most of the FeZrB nanocrystal
alloys20,21 and there are two differing opinions as to the e
planation of the origin of this contribution. Some autho
using Mössbauer spectroscopy and analyzing the lattice
rameters of highly crystallized FeZr samples,22,23 conclude
that the crystalline phase is a bcc-FeZr solid solution c
taining 3–4 at. % of Zr. The 30 T contribution is then inte
preted as arising from the Fe atoms with at least one nea
neighbor Zr atom. Other authors compare the Mo¨ssbauer
spectra of the FeZr crystallized alloys with those of FeTiC
and FeNbCrCuB crystallized alloys.24 The spectra of all of
them present a 30 T contribution, these they attribute to
contribution of a crystal-amorphous interphase region.
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From Fig. 3~a!, we can observe the evolution of the lattice
parameter for the crystalline phase as a function of the a
nealing temperature. The calculated values are sligh
higher than that of the Fe foil which could suggest the pre
ence of a small amount of Zr atoms in the Fe lattice~Zr
atoms have a larger radius than the Fe atoms!. Nevertheless,
taking into account the experimental errors, we cannot sta
this for certain, since the Fe-foil lattice parameter is withi
the experimental error of the lattice parameter for the cry
talline phase. In Fig. 3~b!, we show the evolution of the Fe
percentages for both the crystalline phase and the 30 T c
tribution ~which we denote as the interphase in the figure a
hereafter!. These increase with the annealing temperature b
not in same proportion. The crystalline phase displays a co
tinuous increase while the 30 T contribution region stop
growing, and further on the annealing sequence, shows
decrease in the latter stages of the crystallization process
the 30 T contribution of the spectra is due to the presence
Zr in the bcc crystalline phase, both percentages would ha
to exhibit the same evolution with the annealing temperatu
Therefore, we must conclude that the presence of Zr is n

FIG. 6. ~a! ThermomagneticM (T) curves with an external ap-
plied field of 5 G for the samples annealed at temperatures indicat
in the figure.~b! Derivatives (dM/dT) of the M (T) curves.
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apparently, the origin of the 30 T contribution in the Mo¨ss-
bauer spectra.

Recently Del Biancoet al.25 have reported a Mo¨ssbauer
study of nanocrystalline ball-milled pure iron. They associ
a crystalline interfacial region at the grain boundaries with
26 T contribution in the spectra. In FeZr nanocrystalline
loys the values of̂Bnf& andd ~30 T and20.1 mm/s, respec-
tively! suggest that the Fe atoms which produce this con
bution should belong to the amorphous-crystal interph
region. Assuming the crystals form spherical grains26 and
using the grain sizes obtained from x-ray diffraction da
@Fig. 3~a!#, we can compare the crystallized fraction with th
increase in grain size. Following these arguments, we
that from the sample annealed at 500 °C and above, the
crease of the crystallized fraction is due only to the crys
line growth and not to new nucleation sites. So, if we assu
that the 30 T contribution is due to the interphase region,
could explain the saturation and eventual decrease of
region in the sample annealed at 575 °C as the grains b
to come into contact one another. In terms of the numbe
atomic layers corresponding to the interphase, Table
shows that the interphase region would be formed by abo

FIG. 7. M (T) curves at external field applied of 800 G of th
samples annealed at 500 and 525 °C. The inset shows the de
tives of theM (T) curves.

TABLE II. Comparison of the relative Fe percentages for t
a-Fe and the interphase regions as taken from the x-ray and M¨ss-
bauer results for various annealing temperatures, as indicated
the Mössbauer results these have been taken from the fitting pa
eters, while the x-ray values are calculated from the gain size. A
uncertainty applies to all figures.

Measured
~Mössbauer!

Calculated
~from grain size!

Tann ~°C! a-Fe interphase a-Fe
surface1
one layer a-Fe

surface1
two layers

475 77 23 79 21 72 28
500 79 21 86 14 80 20
525 81 19 87 13 82 18
575 86 14 88 12

d
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atomic layers for the samples annealed at 475, 500,
525 °C and 1 to 2 layers for the sample annealed at 575
This strongly supports the conclusion that the 30 T contri
tion to P(Bhf) is produced by a disordered interphase reg
arounda-Fe crystallites.

In Table I, we display the fitting parameters used in t
Mössbauer spectra for the various phases with the co
sponding annealing temperature. From this we see that
Bhf value of the bcc-Fe phase increases with the annea
temperature and is below the expected value of 33 T for
samples with small crystalline fractions. Recently, Grene
et al. have observed a similar effect in nanocrystallized F
CrCuNbSiB alloys.8 In these samples, theBhf of the crystal-
line phase displays a decrease above theTc of the amorphous
phase. We can compare this effect with that observed in
partially crystallized Fe87Zr6CuB6 samples. In our case, th
Mössbauer spectra have been obtained at 290 K, only
below theTc of the sample treated at 375 °C. This cause
decrease of the hyperfine field of the nanocrystals, since
Tc of the amorphous phase increases with the annealing
perature and then theBhf of the crystalline phase should re
turn back to the normal value of 33 T, as is observed for
sample annealed at 525 °C.

V. EVOLUTION OF THE AMORPHOUS PHASE
AND EXCHANGE-FIELD PENETRATION

A. Curie temperature

A small decrease in Curie temperature and^Bhf& values of
the samples annealed at 350 and 375 °C with respect to
as-quenched sample~Table I! is observed. This fact can b
associated with the relaxation of the amorphous alloys
related with the decrease of the average interatomic
tances. This behavior is in sharp contrast with the increas
Tc upon annealing observed in other Fe-rich amorph
alloys.27 However, FeZr and FeZrB alloys show INVAR be
havior ~see Ref. 27, p. 292! and thus a decrease ofTc under
pressure~or an increase ofTc upon expansion! as has been
reported in Refs. 28 and 29. This has been explained
consequence of the increase of the density of states
increasing volume which overcomes the small decreas
exchange interaction as the Fe-Fe distance increases.30 The
observed behavior ofTc upon annealing is then in agreeme
with the pressure effects previously reported.28

In Fig. 6 we show the thermomagnetic measurements
function of the sample annealing temperature. A progres
increase ofTc for the amorphous phase is observed up
crystallization. Samples with less than 10% crystallized fr
tion show a sharp transition atTc . At the early stages of the
crystallization process (a-Fe,10%) there is a very smal
quantity of amorphous phase around the nanocrystallites
the influence of these on the amorphous phase is, on ave
very low, so that the magnetic changes of the amorph
phase will be mainly due to composition changes. If cop
and iron are segregated from the amorphous matrix, the la
retains the composition Fe10022xZrxBx . Recently, Barandia-
ran et al.30 have reportedTc values of some Fe-rich FeZrB
alloys. A linear increase of theTc values with the relative
decrease of the Fe concentration in the remaining amorph
phase is observed. Figure 8 shows theTc for the amorphous
phases in the annealed samples as a function of the com
nd
C.
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sition, which has been deduced by assuming that the na
rystals and the interphase region are composed solely of i
The straight line is an extrapolation fromTc data of the
Fe87Zr6CuB6 ~from the present study! and Fe80Zr10B10 amor-
phous alloys taken from Ref. 30. We can observe that in
very early stages of the crystallization, theTc of the remain-
ing amorphous phases are very close to the expected va
and therefore, they can be determined simply from comp
tional considerations.

In theM (T) curves for the samples annealed at 475, 5
and 525 °C, shown in Figs. 6 and 7, a smooth transit
appears at theTc with the increase of the crystallized frac
tion. At these stages of the crystallization process, the
maining amorphous phase is no longer magnetically hom
geneous, but presents a distribution of Curie temperatur7

and theTc values in these samples progressively depart fr
the expected values~Fig. 8!. This fact is frequently observed
in these kinds of samples. Some authors account for su
behavior by assuming an exchange-field penetration of
a-Fe nanocrystals into the amorphous matrix.6,14 This field
decays exponentially with the distance from the crystal s
face l as

H5H0 exp~2 l/l!, ~2!

wherel is a penetration depth characteristic of the mater
As a consequence, the Curie temperature of these amorp
layers will increase in proportion to the local molecular fie
and, on average, theTc of the amorphous phase increas
above the expected value. Furthermore, as a consequen
the spatial variation of the exchange field, a distribution
Tc appears in the amorphous matrix. The volume of the ne
est layers adjacent to thea-Fe crystals increases with th
crystal grain size and, therefore, the effect of the exchan
field penetration of thea-Fe crystals extends over a larg

FIG. 8. Evolution of the remaining amorphous phaseTc for the
annealed samples with respect to the Fe content~open circles!. The
Tc values have been obtained from the derivative of theM (T)
curves. The continuous line indicates theTc evolution of the
Fe10022xZrxBx amorphous alloys. The solid and dashed lines in
cate the variations expected from the models of crystallite orde
for the sc and fcc arrangements, respectively. See text.
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amorphous volume. Consequently, the averageTc of the
amorphous phase continues to increase and theTc distribu-
tion grows broader.

In some papers, the exchange-field penetration effec
the amorphous matrix is discussed based on the averag
tercrystalline distance.6,26 The distribution of the crystals in
side the amorphous matrix is normally assumed to form
regular array of cubic crystals. In this case the crystalli
will only come into contact with each other when the sam
is fully crystallized. Therefore, the calculated intercrystalli
distances using this assumption are not the most suitable
the discussion of this effect. Assuming an ordered distri
tion and uniform growth of spherical nanocrystals~as is ob-
served by electron microscopy26!, all having roughly the
same radius, inside the amorphous matrix, we can eval
the effect of field penetration quantitatively. We shall assu
that the nanocrystallines form a cubic ‘‘mesh’’ somewhe
between two different arrangements: the least dense sim
cubic order~sc!, and the most dense face centered cubic
~fcc! @see Fig. 9~a!#. The minimum distance between crysta
d for each arrangement can be calculated by means of
following relationships:

d5 HD@~p/6x!1/321# for sc order,
D@~&p/6x!1/321# for fcc order, ~3!

whereD represents the grain size of the crystals andx the
crystalline volume fraction. Therefore, the ‘‘mesh’’ param
eters will bed1D and&(d1D) for the sc and fcc orders
respectively. Now we can calculate the distribution of t
remaining amorphous phase as a function of the dista
from the surface of the crystals~see the Appendix for de
tails!. The results of these calculations are shown in F
9~b!.

In the sc order, there would be less than 4% of the am
phous phase at a distance of 2 nm from the crystalline
faces for the sample annealed at 450 °C but more than
for the sample annealed at 525 °C. In the fcc order, at
same distance and for the sample annealed at 450 °C,
would be the same percentage of the amorphous phase
the sc case, but for the sample annealed at 525 °C the
centage would go up to 55%. This increases up to 80% of
amorphous phase if we make the evaluation at a distanc
3 nm. Therefore, in the samples with small crystalline v
ume fractions, only a small quantity of the amorphous ph
would be affected by the nanocrystals, but when the crys
line volume fractions are higher, most of the remaini
amorphous phase would be under the influence of the c
tallites. At that point, the magnetic properties of the am
phous phase are strongly governed by the crystalline
change field and the difference ofTc for this phase with
respect to the expected one, based on compositional co
erations only, is significant.

The amorphous region at a ‘‘large’’ distance from t
crystals would not feel the exchange field, and theTc would
be simply that corresponding to the mean composit
(Tc

comp). Considering, then, a direct relation between t
exchange field at a given point and theTc in the amorphous
matrix, we find an exponential decrease of theTc of the
amorphous phase with the distance from the crystalline
face, which falls as
n
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Tc~ l !5 HTc
Fee2 l/l when Tc

Fee2 l/l.Tc
comp,

Tc
comp when Tc

Fee2 l/l,Tc
comp, ~4!

whereTc
Fe is the Curie temperature of thea-Fe phase, and1

is the distance from the crystalline surface into the am
phous phase.

FIG. 9. ~a! Schematic representation of the face centered cu
crystallite arrangement in the amorphous matrix.D represents the
grain size of the crystalline phase andd the minimum distance
between crystals.~b! Volume distribution of the remaining amor
phous phase with respect of the distance from the surface of
crystals for the fcc arrangement of the crystals, the annealing t
peratures are indicated.~c! Volume distribution probabilitydV/dl
for the remaining amorphous phase as a function of the dista
from the surface of the crystals.
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Not all theTc values obtained from Eq.~4! have the same
probability or weight in the distribution. Their probabilitie
will be related to the quantity of the amorphous phase at
distancel. From the distribution of the amorphous pha
given in Fig. 9~b!, we can calculate the distribution ofTc as

D~Tc!5Tc~ l !
dV

dl
, ~5!

where dV/dl represents the volume distribution of the r
maining amorphous phase, that is, the volume probability
amorphous phase with regard to the distance from the c
talline surfaces@Fig. 9~c!#. Averaging expression~5! we ob-
tain the averageTc ^Tc& for the remaining amorphous phas
as

^Tc&5

E Tc~ l !
dV

dl
dl

E dV

dl
dl

. ~6!

All the parameters related with Eq.~5! have been obtained
experimentally with the exception of the penetration len
l. Several authors31,32 estimate that the value ofl should be
between 1 and 2 atomic distances, i.e., between 3 and
The values of̂ Tc& corresponding tol55Å are shown in
Fig. 8 for both the sc and fcc ordering regimes. These
compared with theTc

comp values. With al value of 5 Å, the
exchange-field penetration is effective only in the first four
five atomic layers, so the grain size plays a very import
role. A simple calculation shows that for the same crystall
volume fraction, the volume of the amorphous phase a
distance of 1 nm from nanocrystals withD510 nm is more
than twice the quantity surrounding nanocrystals w
D520 nm. In Ref. 6, Hernandoet al. show that for the par-
tially crystallized Fe77B18Nb4Cu samples, with a grain siz
of 10 nm, the Curie temperatures are 100 K higher than th
corresponding to theTc

comp. Our samples present grain siz
of 20 nm and the observed differences are only about 40

With respect to the interphase, if we assume that this
gion is a 6 Å~two atomic distances! thick, we can calculate
from the model, the atomic percentage that this region r
resents for the different samples. Table III shows these
centages and compares them with those obtained from
fitting results of the Mo¨ssbauer spectra. Both percentages
quite close and show the same trend, that is, an increase
the annealing temperature up to 525 °C, and then a decre
This last decrease is due to the overlapping of the interph
regions when the crystallites approach each other, as it
been commented on above.

TABLE III. Atomic percentage of the interphase region o
tained from the fittings results of the Mo¨ssbauer spectra and from
the model developed in this paper~sc indicates simple cubic ar
rangement of the crystals and fcc face centered cubic!. The inter-
phase region is assumed to be 6 Å thick. A 1% uncertainty applies
to all figures.

Tann ~°C! Mossbauer sc model fcc model

475 5 5 5
500 10 8 9
525 11 11 12
575 9 10 11
e
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B. Temperature dependence of the coercive field

Changes of the coercive field with temperature in t
nanocrystalline samples are related to theTc of the amor-
phous phase. The extremely small coercive field of th
samples is due to the exchange coupling among the crys
which is effective, provided that the amorphous matrix
ferromagnetic. When the temperature reaches theTc of the
amorphous matrix, the coercive field sharply increases w
the temperature. However, this increase becomes smoo
and smoother as the crystalline volume fraction of t
sample grows. For instance, in the Fe85Zr7B6Cu2 sample with
a volume crystalline fraction of about 70%, Slawsk
Waniewskaet al.26 observe a difference of about 400 °C b
tween the Curie temperature of the amorphous phase, a
timated from the composition, and the temperature at wh
the coercive field exhibits a maximum value. This occurs
about 500 °C.26 We can calculate theTc distribution between
the nearest crystalline neighbors by means of the model
cussed in the previous section using Eqs.~2! and ~3!. With
the reported grain size of 12 nm, and using a fcc arrangem
of crystalline spheres, theTc distribution for l55 Å is as
shown in Fig. 10. As can be seen, there are different d
tances between the nearest crystalline neighbors depen
on the direction considered in the crystallite mesh. The
fore, we can expect differentTc distributions for the various
directions. The largest distance between the crystals is
sented in the@100# direction, that is, 5.3 nm. In this direction
the Tc of the central amorphous zone would be the com
sitional one. In contrast, in the@110# direction, with an inter-
crystalline distance of only 0.2 nm, all of the amorpho
phase between the nearest neighbor crystallites is unde
exchange field influence, see Fig. 10. From this figure, w
the temperature reaches 100 °C, i.e., theTc

comp of the amor-
phous matrix, the amorphous phase of central zone loc
between the crystallites at the corners becomes param
netic. So, in the@100# direction of the crystalline mesh, th
crystals begin to decouple and, consequently, the coer

FIG. 10. Schematic representation of the calculatedTc distribu-
tion from the exchange-field penetration in the remaining am
phous phase of the Fe85Zr7B6Cu2 sample with a crystallized fraction
of 70%. An fcc arrangement of the crystallites has been assum
Taking 0 as the position at the crystallites surface, and crossing
crystallite mesh in the@110# direction, we meet the nearest-neighb
crystallite a distance 0.2 nm away, while in the@100# direction, we
encounter the nearest crystallite a distance 5.3 nm away. The
then indicate the variation of the amorphous phaseTc between these
points. See text.
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field begins to increase. As the temperature continues to
crease, more of the amorphous phase becomes paramag
thus the crystals become magnetically more isolated and
coercive field would further continue to increase. When
temperature reaches theTc of the amorphous phase situate
under the exchange field influence in the@110# direction, the
crystals become completely isolated and the coercive fiel
expected to reach its maximum value, this occurs at ab
570 °C.

According to the model, the coercive field for sampl
with small crystalline fractions should exhibit a sharp i
crease when the temperature reaches theTc

comp of the re-
maining amorphous phase; the maximum would be at
degrees aboveTc

comp. However, in samples with larger crys
talline fractions, this maximum would be at the Curie te
perature of the amorphous phase located between the ne
crystals, which is much larger than the compositional on

C. Hyperfine field distribution

Figures 4 and 5 show the hyperfine field distributio
P(Bhf) of the amorphous phase for the samples studied
narrowing of theP(Bhf) is observed in the sample anneal
at 350 °C, with respect to the as-quenched sample. As
have already commented, this fact is due to a structura
laxation process that induces a decrease in theTc of the
as-quenched sample. In the partially crystallized samp
~whereTann<475 °C), theP(Bhf) of the amorphous phase
narrow, but shows a small tail towards higher hyperfi
fields.

Taking into account the sensitivity of theBhf to local
magnetic environments, the influence of the crystalline
change field penetration may also be reflected in theP(Bhf).
The appearance of the tail in theP(Bhf) with the crystalliza-
tion process could be a consequence of this influence.
tail corresponds to the part of the amorphous phase u
influence of the nanocrystals. These would produce an
crease in theBhf of the amorphous phase nearest to the cr
tallites due to the presence of the higher crystalline excha
field. As there is more amorphous phase influenced by
crystals with further annealing, the high field tail grows
importance with respect to the total distribution.

The maximum of theP(Bhf) is at 3–4 T for the partially
crystallized samples withTann<450 °C, however, this shifts
to 7 T for the sample annealed at 475 °C. This increase
consequence of the compositional changes in the amorp
phase which also increases theTc

comp for this phase.
The P(Bhf) of the sample annealed at 475 °C shows

small shoulder at 10–11 T. This shoulder becomes the m
contribution in theP(Bhf) for the amorphous phase of th
samples annealed at higher temperatures. At the same tim
new contribution located at about 23–24 T appears in
P(Bhf) of the amorphous phase. This contribution remains
the P(Bhf) of samples with larger crystalline volume fra
tions. These facts indicate that at these stages of the cry
lization process, the remaining amorphous phase pres
compositional inhomogeneities which accentuate as the c
tallization process advances. This inhomogeneity is rela
to the fact that the different components of the amorph
phase have different diffusion coefficients. For the sam
annealed at 475 °C, there is a crystallized fraction of ab
n-
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19%. Even at this early stage in the crystallization proce
there has been sufficient diffusion such as to leave the am
phous phase inhomogeneous.

Miglierini et al.33 associate the 23–24 T contribution wit
an extension of the interphase region to lower hyperfi
fields. However, this contribution does not evolve upon a
nealing in the same way as the contribution of the interpha
but presents different relative increases of probability in
P(Bhf) of the samples containing higher crystallized fra
tions. Nevertheless, from the values in Table I, we can
that the isomer shift~d! associated with the hyperfine field
of the 23–24 T~20, 16 mm/s! contribution has no continuity
with those associated to the hyperfine fields of the int
phase. Both the main contribution~10–11 T! and that at
23–24 T could be due to zones with definite but differe
short range order in the amorphous matrix which corresp
to regions with a composition similar to the phases appea
in the second stage of crystallization (Fe3Zr, Fe2B, Fe2Zr).
This is supported by recent studies of the temperature e
lution of partially crystallized FeZrB, as evidenced by Mo¨ss-
bauer spectroscopy.33,34 In Ref. 34, the authors observe
contribution to low hyperfine fields~8–10 T! in the spectra
which are associated with an Fe3Zr-like phase with aTc
5550 K. Furthermore, the hyperfine fields of crystallin
Fe2B and Fe3Zr are known to be about 27 and 14 T
respectively.14 Therefore, we can associate the 10–11 T co
tribution to an amorphous region with Fe3Zr-like short range
order~SRO! and the 23–24 T contribution to the region wi
Fe2B-like SRO.

The broadening of theM (T) curves in the region of the
Curie temperature of the amorphous phase would also
favored by such inhomogeneities. This broadening appea
the same annealing temperature~475 °C! in both theM (T)
curves andP(Bhf). The drop in the magnetization@in the
M (T) curve#, of the 475 °C annealed sample begins befo
the Tc of the sample annealed to 450 °C. This indicates
high degree of inhomogeneity at this stage, see Fig. 6. Th
fore, the amorphous phase can no longer be defined
single magnetic phase, but is quite inhomogeneous, as
dent in the hyperfine-field distribution from the Mo¨ssbauer
measurements andM (T) curves. Nevertheless, at this sta
of the crystallization process, most of the amorphous ph
is strongly influenced by the Fe crystalline phase and, the
fore, the amorphous phaseTc is governed by the crystalline
exchange-field penetration. In this sense the inhomogene
would have little influence on the averageTc of the amor-
phous remaining matrix, which explains the agreement
tween the model and the experimental^Tc&.

VI. CONCLUSIONS

The crystallization process of the Fe87Zr6B6Cu sample has
been studied by means of x-ray diffraction, Mo¨ssbauer spec
troscopy, and magnetic measurements. The experimenta
sults shows an Fe-rich region is formed as an interph
around thea-Fe nanocrystals. This interphase is highly d
ordered and extends to one to two atomic layers from
crystallites into the amorphous phase.

TheTc of the amorphous phase increases during the c
tallization. This increase is due to two factors:~i! the com-
positional changes in the amorphous phase and~ii ! the crys-
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talline exchange-field penetration. For the samples with
than 10% crystalline fraction, the dominating factor det
mining theTc increase is due to compositional changes
the amorphous matrix. For samples with larger crystall
fractions, theTc of the remaining amorphous phase depa
progressively from the compositional values to those p
dicted by the model presented, indicating the increasing
fluence of the exchange-field penetration.

The effects of the exchange-field penetration on the
maining amorphous phase have been evaluated by mea
a simple model. This model proposes a direct relations
between exchange field penetration and theTc of the amor-
phous atomic layers. The model assumes that theTc falls
exponentially from the crystalline value at the crystal boun
ary, to that corresponding to the composition of the am
phous phase at a distance determined by the penetr
length l of the amorphous phase. This model has been
plied to two systems~partially crystallized Fe87Zr6B6Cu and
Fe77B18Nb4Cu alloys! with different grain sizes and compo
sitions. The calculated averageTc values are in very good
agreement with the measured ones. The value of the
penetration length is about 5 Å, in agreement with the
pected value.

The changes of the coercive field with the temperature
the nanocrystalline samples have also been evaluated b
model. The model predicts that the coercive field begins
increase when the temperature reaches theTc corresponding
to the composition of the amorphous phase, and show
maximum ofHc at the temperature where the grains beco
exchange isolated, since the intervening amorphous p
between the nearest-neighbor crystallites becomes para
netic.

The changes in the hyperfine-field distributions of t
amorphous phase are due to the appearance of magneti
composition inhomogeneities. The magnetic inhomoge
ities are induced by the crystalline exchange-field penetra
and are reflected in theP(Bhf) by tails extending towards
high fields. When the crystallization process is advanc
new contributions at 11 and 23 T appear in theP(Bhf) of the
amorphous matrix. These contributions are related to zo
in the remaining amorphous matrix with short range or
similar to the crystalline phases which will appear at t
secondary crystallization. The inhomogeneity is also
l
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flected in theM (T) curves, which giveTc distributions
which, for the samples annealed at 475 °C and above, sho
broadening with respect to the samples annealed at lo
temperatures.
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APPENDIX

If we assume simple cubic and face centered cubic
rangements of spheres with an interspherical distanced, see
Fig. 9~a!, the volume occupied in a cube by the spheres w
respect to the radiusr of the spheres can be calculated usi
the following relations.

~1! For a simple cubic arrangement

V5H 4

3
pr 3 when r<d,

6pdS r 22
d2

3 D2
8

3
pr 3 when d&.r .d.

~2! For a face centered cubic arrangement.

V5H 4S 4

3
pr 3D when r<d,

48pdS r 22
d2

3 D2
80

3
pr 3 when

d)

3
.r .d.

Using the above equations, 96.51 and 96.41 % of the volu
of the cube can be evaluated for sc and fcc, respectiv
Therefore we find that the distribution of the volume in t
cube, with respect to the distance from the surface of
spheres~1!, can be calculated as follows:

V~ l !5V~r !2VS D

2 D .
M.
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