
APPLlED PHYSICS LETIERS VOLUME 76, NUMBER 15

Structure and magnetic properties of nanocrystalline
(Fe1-xCox)90Zr7B2Cu1(O~x~O.6)
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Nanocrystalline (Fel-xCox)9oll7B2Cul (0~x~0.6) alloys were investigated by x-ray diffraction,
57Fe Mössb'auer spectroscopy, and magnetic measurements. The grain size did not change
significantly with composition. Co was preferentia11ypartitioned to the residual amorphousphase,
and the bcc grains were accordingly enriched by Fe. The room-temperature coercive tieid increased
with the Co addition, which is attributedto the' increasingmagnetostrictionconstant. @ 2000
American Institute of Physics. [SOOO3-6951(OO)03215-0]

The nanocrystalline (nc) Fe-M-B(Cu) a11oysl(where M
is an early transition metal such as Zr, Nb, etc;) and the
formerty discovered ncFe-Nb-Si-B(Cu) a11oys2 (Le.,
FlNEMET) show superior soft-magnetic properties (high ini-
fiai permeability together with a substantial saturation mag-
netization). These nanocrystalline alloys arc prepared by par-
lia! crystaHization of amorphous ribbons resu!ting in
nanosize cr)'stalline bcc precipitates in a residual amorphous
matrix. The explanation of the good soft::-magneticproperties
is of both fundamental and technicai interest and at present it
is acontroversial issue. It is genera11yacknowledged that the
reduction of the effective magnetocrystalline anisotropy on
forming ultratine grains plays a decisive füle. Since the ob-
servation that in ncFe-Nb-Si-B(Cu) a11oysthe good soft-
magnetic properties show a fast deterioration above the
Curie temperature Tc, of the ferromagnetic residual amor-
phous phase, the important role of the connecting tissue in
the coupling of the ferromagnetic bcc grains is implied.2

Recently, a class of nanocrystalline alloys with compo-
sition Fe44Co44Zr7B4Culhas been developed,3.4 which arc
capable of operating at higher temperatures and have good
soft-magnetic properties. They arc promising. as high-
temperature magnetic applications, e.g., as rotors in electric
aircraft. Here, we report a systematic study of s!ightly differ-
ent composition nanocrystalline alloys with higher Fe-Co
content and, consequently, with higher saturation magnetiza-
lion, which is one of the key intrinsic magnetic properties.

Amorphous nc(Fel-xCox)90Zr7B2Cu\ (0~x~0.6) rib-
bons were mell spun in protective atmosphere. The samples
were heat treated in a Perkin-Elmer differential scanning
caiorimeter with a 20 Klmin heating rate until the end of the
tirst crystallization stage, well resolved between 820 and 870
K for the different samples. Due to the marked separation of
the two crystallization stages, 20 K changes in heat treatment
temperature yielded identical nanocrystalline samples within
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our experimental resolution. The transformation beat was in-
dependent of Co composition (about 120::!::10J/g), whic~ in-

.dicates that the amount of the remaining amorphous phase
did not change significantly with composition.

The nanocrystalline state of the alloys and the phase of
the crysta11inegrains '\vere identitied by x~ray diffraction us-
ing a Philips X' pert diffractometer and Cu Ka radiation (A
=0.15418nm). The'grain size of the bcc.Fe-Co granules
were determined from the x-ray diffraction protiles [Fig.
l(a)]. The lattice parameters determim:d from the positions
and the average particle sizes obtairied from the full widths at
hair maximum of these profiles by the modified Williamson-
Hall procedureS.6arc shown in Figs. l(b) and l(c). The grain
size is between 20 and 30 nm for each composition and the
lattice parámeter follows the well-known composition trend7
of bulk bcc Fe-Co alloys.

57Fe Mössbauer spectroscopy measurements were per-
formed between 12 Kand room temperature in a standard-
flow cryostat using a conventional constant-acceleration
spectrometer with a 50 mCi 57CoRhsource at room tempera-
iure. The magnetic measurements were performed by a
Quantum Design superconducting quantum interference de-
vice magnetometer of the type MPMS-5S with a maximum
tieId of 5 T. About tive ribbon vicces were fixed with silicon
grease on a Si plate, the magnetic tieId being parallel to the
ribbon length.

In Fig. 2 typical Mössbauer spectra measured at 12 K ace
shown. They have two characteristic features: a relatively
narrow sextet with asymmetric shoulders (which is some-
what broadened with increasing Co content), and will be
attributed to the bcc granules, and a broad magnetic compo-
Deut belonging to the residual amorphous phase.8 The low-
temperature Mössbauer parameters [Fig. 3: average isomer
shift (IS) and hyperfine tield Bm] of the stronger component
of the asymmetric sextet, which will be referred to as the
main line, arc similar to those of bulk bcc Fe-Co alloys.9.1O
The hyperfine tieid of the broad shoulder on the law-tieid
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FIO. 1. X-ray powder diffractogram of ncFenCo1sZr7B2CuI (a), the com-
position dependence of the grain size (b), and the lattice parameter of the
nanocrystalline Fe-Co particles (c) in nc(Fel ~xCOx)9oZr7B2CUI'
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FIO.2. Mössbauer spectra of nc(Fel-xCox)9oll7B2Cul UÍken at 12 K. The
full lines are the titted curves, the bec nanocrystalline component (broken
line) and the residuaI amorphous part (dotted line) are marked, respectively.
The bcc component has two contributions as shown in the upper part of the
tigure for x=O.6: the main lines (dashed line) and the satellite, Le., the
shoulder lines (dash-dot line), are shown.
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FlG. 3. Composition dependence of the relative number of Fe atoms in the
bcc granules,nbcc (a), the averageFe hyperfinetieId of the main (dots) and
shoulder (circles) components of the bec grains and that of the residual
amorphous phase (stars) at 12K (b) and the average isomer shift IS of the
main bec component with respect to that of a-Fe (c), respectiveIy. Typical
error bars are shown when they are larger than the applied symbols. The

lines are guides to the eye.

side Bs follows this trend. A similar shoulder is often
attributedll to an interfacial phase in ncFe-Zr-B(Cu)-type
materials. However, the present composition dependence of
Bs supports cur farmer observations8 that the nanocrystalline
Fe-based bec phase contains a few percentages of dissolved
Zr and B. Thus, Bm is the hyperfine tieid of Fe atoms with no
zr or B nearest and next-nearest neighbors and Bs is the
average hyperfine tieid of Fe atoms with at least one impu-
rity neighbor in the fir.sttwo coordination shells.

The relative amount of Fe in the main and in the shoul-

der component is nm and ns, respectively. The Co composi-
tien dependence of the fraction of the Fe atoms that are in'
the bcc phase, nbcc=nm+ns is shown in Fig. 3(a). It shows a
monotonous increase with increasing Co concentration. At
the highest investigated composition, x = 0.6, no Fe is found
in the residual amorphous phase, the respective lines are
missing in the spectrum of Fig. 2. This means that the Fe
content of the grains is enhanced during nanocrystallization,
Co prefers the residual amorphous phase 'presumably due to
the stronger Co-B and Co-Zr than the corresponding Fe-B
and Fe-Zr chemical interactions.

The residual amorphous phase is characterized by a hy-
perfine tieid distribution; its average hyperfinc fieId Ba is
shown in Fig. 3(b). For Co addition, the average magnetic
mement of Fe atoms in the residual amorphous phase re-
maius constant within the 10% systematic error limit. The
highel't Curie temperature of the residual amorphous phase is
expected for x = 0.3 as extrapolated from the room-
temperature hyperfine fields.

The composition dependence of the saturation magneti-
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FIG. 4. Composition dependence of the average Fe-Co magnetic moment
(ILFe-Co)at 12 K (a) and the 'coercive tieid at room temperature (b), respec-
tively, in nc(Fel-xCox)9~r7B2Cul'

zation is shown in Fig. 4(a). It is an average quantity of the
magnetic atoms (Fe and Co) in both the nanocrystalline and
the residuaI amorphous phase. Though it follows the well-
known trend of bulk Fe-Co alloys, the sIightly reduced vaI-
ues indicate the contribution of the residuaI amorphous phase
with smaller atomic moments. Oeviation from the bulk trend
at x=0.6 may indicate ordering of Fe and Co atoms in the
nanocrystalline bcc phase as observed formerly in Ref. 4.
Our Mössbauer data ace not sensitive to such order due to the
strongly overlapping spectrum components.

The composition dependence of the coercive tieId mea-
sured at room temperature is shown in Fig. 4(b). A similar
increase of the coefcive tieId was observed1z in Co-
substituted FINEMET alloys (FeCoSiBCuNb). The coercive
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tieId is primarily determined by the magnetocrystalline and
magnetoelastic anisotropy. The magnetocrystalline .anisot-
copy in bulk Fe-Co alloys decreasesl3 up to 60 at. % Co
content. On the other hand, the magnetostriction constant for
these alloys increasesl3 with' ~he Co content up to 50 at. %.
The magnetic anisotropy tieId for Fe-Co-evaporated thin
films increases with increasing Co content up to 60 at. %
followed by a decrease for higher Co compositions.14 There-
fore, the increase of coercivity with Co concentration ob-
served in Ouf samples might be associated with the increas-
ing magnetostriction constant. In our samples the Iargest
saturation magnetization with modest increase of the coer~
cive tieId was found for concentrations between

FenCO18Zr7BzCul and Fe63Coz7Zr7BzCuj. and the Curie
point of the residual amorphous phase is estimated to be the
highest for this latter composition, which seems to be opti-
mal for high-temperature soft-magnetic applications. 3.4
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