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Domain structure of a Nd60Al10Fe20Co10 bulk metallic glass
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Magnetic domain structure of Nd60Al10Fe20Co10 bulk metallic glass~BMG! has been studied by using
magnetic-force microscopy. In the magnetic-force images it is shown that the exchange-interaction-type mag-
netic domains with a period of about 360 nm do exist in the BMG, which is believed to be associated with the
appearance of hard-magnetic properties in this system. The existence of the large-scale domains demonstrates
that the magnetic moments of a great deal of short-scale ordered atomic clusters in the BMG have been aligned
by exchange coupling. Annealing at 715 K leads to partial crystallization of the BMG. However, the exchange
coupling is stronger in the annealed sample, which is considered to arise from the increase of transition-metal
concentration in the amorphous phase due to the precipitation of Nd crystalline phase.
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Nd-Fe-Al-based bulk metallic glasses~BMG! with a di-
ameter up to 12 cm have been recently prepared.1 This BMG
system has evoked an extensive attention due to its
magnetic properties at room temperature.2–8 The high coer-
civity of these amorphous alloys is striking because no str
tural anisotropy exists in the disordered packing solid. I
supposed that the BMG is an ensemble of short-scale ord
magnetic atomic clusters in uniform distribution. These cl
ters consist of Nd and transition elements and possess
random anisotropy. It is the magnetic-exchange coup
among them that causes the high coercivity of this magn
system. Most of the consequent results supported
model.7–9 However, no direct experimental evidence for t
existence of exchange-coupling interaction in this system
been presented so far. Therefore, it is of a special intere
study the magnetic domain structure of the BMG. In th
paper, the magnetic domain structure of Nd60Al10Fe20Co10
was investigated by magnetic-force microscopy~MFM!.

Ingots with compositions of Nd60Al10Fe20Co10 were pre-
pared by arc melting from elemental Nd, Fe, Al, and Co w
a purity of 99.9% in a titanium-gettered argon atmosphe
Cylindrical specimens of around 3 mm in diameter and
mm in length were prepared from the ingots by die cast
into a copper mold under argon atmosphere. The detail
preparation can be seen in Ref. 5. The structure of the as
cylinder was characterized by x-ray diffraction~XRD!.5

Magnetic measurements were performed using a vibra
sample magnetometer with a maximum applied field of 15
kA m21. The study of domain structure was carried out
using Digital Instruments NanoScope IIIa D-3000 MFM.
allows the topographic and magnetic-force images to be
lected separately and simultaneously in the same area o
sample by using Tapping/Lift modes. The magnetic tips u
were microfabricated Si cantilevers with a pyramidal
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coated with magnetic Co-Cr thin film of 40 nm thickness a
a coercivity of about 32 kA m21. For the mode of dynamic
detection, the cantilever is vibrated and its resonant
quency f 0 and phasef will be modulated by the magneti
forces exerted on the tip from the stray fieldH emerged from
the magnetic structures in the sample surface layer when
tip is scanning. In fact, for the phase detection, the ph
shift DQ can be written asDf5QF8/k, whereF8 is the
vertical ~z! component of the force gradient,k andQ are the
spring constant and the quality factor of the cantilever,
spectively. In the point-dipole approximation, if the tip
vertically magnetized,F85mz]

2Hz /]z2, where mz is the
magnetic moment of the tip andHz is the vertical componen
of H. In the magnetic-force images detected by the ph
mode, the dark and bright regions correspond to the att
tive and repulsive tip-sample interactions, respectively.
our experiment, the tip used was magnetized upward prio
imaging. Itsf 0580.6 kHz, and its lift-height during scannin
was 30 nm. The samples for MFM study were fresh cut fro
the same cylinder. After grinding and polishing, they we
vacuum annealed at 453 K for 36 ks to remove the str
built in the surface layer.

The as-cast cylinder exhibits an XRD spectrum typical
amorphous phase without obvious crystalline reflect
peaks. Figure 1 shows the dependence of coercivityHc ,
saturation magnetizationMs , and remanenceMr on isother-
mal annealing temperature for the Nd60Al10Fe20Co10 BMG.
The inset exhibits its hysteresis loop at room temperature
is shown that the as-cast Nd60Al10Fe20Co10 BMG exhibitsHc

of 326 kA m21, Ms of 10.8 A m2 kg21, and Mr of 7.2
A m2 kg21. These values are consistent with the previous
sults of Nd-Fe-Al-based BMG’s,2,6–8 indicating that the
BMG is a permanent magnetic material with relative hi
coercivity and rather low magnetization compared with t
©2001 The American Physical Society06-1
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nanocomposite rare-earth permanent magnets. The
magnetic properties remain almost unchanged in
annealing-temperature range from room temperature u
740 K, and disappear after full crystallization of the BM
above 760 K.6,9 The presence of only one magnetic phase
the as-cast cylinders was confirmed by the curve of mag
tization vs temperature, in which only one magnetic tran
tion appears at Curie temperature of about 470 K bef
crystallization. The above results have demonstrated tha
hard magnetic properties of the Nd-Fe-Al-based BMG’s
presented by the amorphous phase instead of the crystal
one. This is also confirmed by other work.2,6–8

MFM was employed to image the magnetic domain str
ture in this BMG. Obvious magnetic contrast was observ
in the magnetic-force images. In order to verify the reliab
ity of these images the samples were rescanned under
experimental conditions and the practically identical imag
as its first scanning were obtained. For the as-cast BMG
typical (10310)-mm magnetic-force image is shown in Fig
2~a!. It can be seen that the image is characterized by da
areas adjacent with brighter areas in submicron scale an
random distribution. Higher magnification images from t
as-cast sample did not provide additional detail. In fact,
dark area indicates that the magnetization direction in
area is nearly parallel to the upward tip magnetization, a
the bright area indicates the opposite. This kind of magn
contrast is similar to the so-called ‘‘exchange-coupling d
mains’’ presented in the nanocomposite rare-earth-transit
metal permanent materials, in which strong exchan
coupling interaction exists between hard and soft magn
grains.10–13 The average periodT of the domain pattern and
the average contrast between dark and bright areas
measured by means of section analysis. A large numbe
sections were analyzed in order to get statistical results
typical section analysis ofDf vs the length of the section i
shown in Fig. 2~b!. It can be seen that the average roughn
(Ra)Df and root mean square (Rms)Df describing the con-
trast of the image are 0.94° and 0.72°, respectively, anT
5360 nm.

According to the cluster model of the Nd-Fe me

FIG. 1. Dependence ofHc , Ms , andMr on isothermal anneal
ing temperature for Nd60Al10Fe20Co10 alloy ~annealing for 1.8 ks!.
The inset shows the hysteresis loop at room temperature.
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spinning magnetic system, the exchange-coupling interac
among magnetic clusters with random anisotropy co
cause the high coercivity of the magnetic system.14,15 Inoue,
Takeuchi, and Zhang confirmed the presence of these sh
range ordered clusters in the Nd-Fe-Al-system BMG
high-resolution transmission-electron microscopy and ra
distribution-function studies.2 Xing et al. and Fanet al. have
estimated the size of the clusters to be nearly 2 nm.7,8 In the
present study, the as-cast BMG exhibits a typical amorph
pattern without obvious crystalline-reflection peaks. Th
gives an upper limit of a few nanometers for the cluster si
However, the above section analysis of the magnetic-fo
images of the Nd60Al10Fe20Co10 BMG has shown that their
magnetic domains are in submicron scale, which is sign
cantly larger than the size of the ordered atomic clust
composed of the Nd-Fe and Nd-Co atoms. We infer that i
the experimental evidence of the existence of strong
change coupling. It is by the exchange coupling that a gr
deal of short-scale ordered atomic clusters are aligned
form the large-scale domains. In other words, the large a
of magnetic contrast are actually a collection of a group
clusters with similar magnetic orientation aligned by e
change coupling. Furthermore, the presence of strong
change coupling is also confirmed by the significant rem

FIG. 2. Magnetic-force image with a scan size 10310mm for
the as-cast Nd60Al10Fe20Co10BMG ~a!, and typical section-analysis
result ~b!.
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nence enhancement of our BMG. ItsMr /Ms value is 0.67,
which is obviously greater than 0.5, the value predicted
randomly oriented and noninteracting particles by t
Stoner-Wohlfarth theory.13 Considering that the dimensio
of the ordered magnetic clusters of the present hard magn
material has to be larger than the exchange length accor
to the random-anisotropy model, the number of clusters
one group could be estimated as 103– 104.16

The magnetic-force image of the sample annealed at
K for 1800 s is shown in Fig. 3~a!. The exchange-coupling
domains are also observed. However, there exist a numb
large gray ~nonmagnetic! areas in this annealed sampl
which actually correspond to the large round particles in
topographic image. Electron microscopy and composit
analysis have shown that these grains with size of 1–2mm
are of paramagnetic pure Nd crystalline phase.9 Moreover,
although the magnetic structure in the region apart fr
these nonmagnetic areas is similar to the as-cast sample
contrast of the domain andT become larger in the anneale
sample. The statistical results measured from typical sec
analysis@Fig. 3~b!# are (Ra)Df51.15°, (rms)Df50.88°, and
T50.42mm. Annealing at 715 K give rise to the precipita
tion of the paramagnetic Nd crystals from the amorpho
matrix. The precipitation of the paramagnetic phase will d
crease the magnetization of the system. On the other h
the precipitation of Nd will enrich the concentration of tra
sition metals in the remaining amorphous phase, and the
increaseMs due to a stronger exchange-coupling interact
among the magnetic clusters in the remainder. This can
confirmed by the increased size of domain contrast and
main period in the annealed sample as shown in Figs.~a!
and 3~b!. Consequently, the conjunct effect of these two fa
tors leads to the almost unchangedMs after annealing at
temperature below 740 K~Fig. 1!. Similarly, the annealing
should increase the size of the clustersD by a certain degree
This will cause the decrease of coercivity according to
well-known 1/D dependence.17 At the same time the precipi
tation of the crystalline phase in the amorphous matrix pl
a role in pinning the domain walls. As a result, the coerciv
also remains unchanged prior to full crystallization~Fig. 1!.

In conclusion, the presence of exchange coupling inte
tion between a great deal of short-scale ordered magn
atomic clusters in Nd60Al10Fe20Co10 BMG is experimentally
confirmed by the magnetic-force images. The exchan
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coupling domains shed light on the appearing of mac
scopic hard magnetic properties in the BMG. The magn
domains have a length scale of about 360 nm, and are c
posed of a group of magnetic clusters aligned by excha
coupling.

This work was supported by the National Natural Scien
Foundation of China~Grants Nos. 59925101 and 5003101!.

FIG. 3. Magnetic-force image with a scan size 10310mm for
the Nd60Al10Fe20Co10 BMG annealed at 715 K for 1.8 ks~a!, and
typical section-analysis result~b!.
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