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Abstract

Selected rare-earth (RE)-based�-phase compounds of the composition RE6Fe13−xAl1+x (1 ≤ x ≤ 4) have been prepared and studied to
ascertain their role in conveying coercivity to the so-called ferromagnetic bulk metallic glass (BMG) alloys (RE)60Fe30Al10. It was found
that�-phase does not exist for RE = Sm or Gd. However, nearly single�-phase Pr-based compounds of the composition PrFe Al in a
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ange of Al concentration 1.5≤ x≤ 3.5 were successfully synthesized. The antiferromagnetic behavior of the Pr-based�-phase compounds
learly seen from temperature-dependent magnetization measurements and the Néel temperature shows a quasi-linear decrease from 32
15 K asx in Pr6Fe13−xAl1+x is increased from 1 to 4. The observed Al-concentration dependence of the Pr6Fe13−xAl1+x Néel temperature

s expected to be reflected in the magnetic behavior of the BMG alloys of composition Pr60Fe30Al10.
2004 Elsevier B.V. All rights reserved.
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. Introduction

In 1996, Inoue and Katsuya announced the development
f so-called bulk metallic glass (BMG) alloy rods of 1–12 mm

n diameter that possessed appreciable coercivity[1]. The fer-
omagnetic coercive BMG composition RE60Fe30Al10 (RE

Nd or Pr) and related alloys modified by Co[2] and Ce
nd Si[3] have since generated considerable interest of both
pplied and fundamental nature because the magnitude of

his reported coercivity, up to 0.4 T at room temperature, is
n apparent contradiction to the conventional understanding
f the relationship between nanostructure and coercivity in
morphous materials. The large coercivities observed for the
MG composition in the vicinity of RE60Fe30Al10 (RE = Nd
r Pr) have been the subject of a number of investigations,
ince both a very large anisotropy field and a very strong
omain wall pinning mechanism are required to account for
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the observed coercivity which can exceed 10 T at temp
tures below 10 K. While the random anisotropy model[4]
may account for the anisotropy field, the nature of the
ning sites in an amorphous material remains unclear. Am
other explanations, previous authors have speculated th
RE–Fe–Al bulk metallic glasses possess short-range
which confers coercivity[5]. Others researchers have po
lated the idea that ferromagnetic single-domain cluster
responsible for the coercivity[6]. Recently reported resu
[7,8]obtained by a subset of the present authors from ana
of structural and magnetic data obtained on amorphous
spun Nd60Fe30Al10 materials have identified the origin of t
anomalous magnetic coercivity found in the ribbons, an
extension in the bulk cast form of the alloy, as very small c
talline clusters (“motes”). It was determined that these hi
stable nanoscopic aluminide phases affect the short-ran
der of the system and provide heterogeneous nucleation
for crystallization as well as determine the coercivity of the
loy. A detailed consideration of the Nd–Fe–Al ternary ph
diagram allows the deduction that the observed cluste
925-8388/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
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the melt-spun ribbons of the BMG alloy must be closely re-
lated to the Nd2Fe17−xAlx (2-17),�- and�-phases, where the
�-phase is ferromagnetic[9] and the�-phase is antiferromag-
netic and is also referred to as the 6-13-1 phase[9,10]. The
Nd2Fe17−xAlx and �-phase are ferromagnetic with Curie
temperaturesTC around 300 K and 500 K, respectively[11],
whereas the�-phase orders antiferromagnetically at a Néel
temperatureTN near room temperature[10,12]. Thus, the on-
set of coercivity in the ribbons as well as in the bulk metallic
glasses may be explained by an exchange-bias type of mag-
netic coupling[13] where soft ferromagnetic phases (2-17
and�-phase) are unidirectionally coupled to the antiferro-
magnetic�-phase. Extension of this reasoning leads to the
hypothesis that the onset of significant coercivity in melt-
spun RE60Fe30Al10 ribbons containing different rare-earth
(RE) species should scale with the Néel temperature of the
primary�-phase product of solidification.

As a first step to verify the validity of the above-described
model, investigation of the magnetic behavior of the poly-
crystalline �-phase containing different RE elements was
undertaken. Praseodymium and samarium were chosen as
representative of the light RE elements, while gadolinium
represents the heavy RE elements. Previous studies of the
Pr-based�-phase compound have shown that this phase or-
ders antiferromagnetically at differentTN depending upon the
i nt
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ples was carried out with X-ray diffraction using a Philips
diffractometer and Cu K� radiation. Lattice parameters were
determined by Reitveld refinement. SQUID magnetometry
was used to measure the DC magnetization in the temper-
ature range 2 K <T < 400 K in a magnetic field of 10 mT
(100 Oe).

3. Results and discussion

DTA measurements were performed for both the as-cast
and the annealed versions of the synthesized RE-based sam-
ples. The DTA results were correlated with the appropriate
equilibrium phase diagrams to determine the identity of the
phases present in the samples. Conclusions obtained from the
DTA results were confirmed with XRD analysis, and, if ap-
propriate, with magnetometry. As the most successful results
were obtained for the Pr-based samples, detailed discussion
is focused on data obtained from that material.

3.1. Phase content and structure

The arc-melted Gd-based sample exhibits three clear en-
dothermic peaks with onset temperatures of 1333 K, 1143 K
and 1483 K; there are no peaks at low temperature as would
be characteristic of an analogue of the�-phase composition.
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dentity of the metalloid element[10]. The aim of the prese
ork is to identify the existence range of the�-phase in single
hase form and investigate the effect of off-stoichiometr

he magnetic behavior of the prepared samples.

. Experimental procedures

All samples were made from high purity elements
99.95%), Sm (99.95%), Gd (99.95%), Fe (99.99%) an
99.98%) were arc-melted and annealed under high-puri
he chosen compositions of the Pr-based compound
r6Fe13−xAl1+x (x = 1, 1.5, 3, 3.5, 4) and of the Sm(G
ased compounds was Sm(Gd)6Fe11.5Al2.5. Extra Sm wa
dded during synthesis of the charges to compensate f
olitization during the arc-melting process. The RE and
lements were arc-melted together first, and then the A
ubsequently added; this synthesis sequence was neces
void formation of unwanted refractory compounds. All s
les were melted several times to obtain homogeneity.
olycrystalline arc-melted charges were wrapped in Ta
nd sealed under high purity Ar prior to annealing. For di
ntial thermal analysis (DTA), the samples were ground
laced in an Al2O3 crucible and measured from room te
erature to 1350◦C at a heating rate of 10◦C per min with
strictly controlled oxygen concentration below 100 p

he DTA results were employed to determine the appro
te annealing schedules to yield the desired RE6Fe13−xAl1+x

ompound in single-phase form. The optimized annea
chedules are described in the next section for each fa
f samples. Structural characterization of the annealed
to

areful examination of the equilibrium [Gd–Fe–Al] tern
hase diagram[14] allows the conclusion that all the o
erved DTA peaks are related to the peritectic decompos
f Al-substituted (Fe,Al)2Gd, (Fe,Al)3Gd and (Fe,Al)23Gd6
ompounds. The inability to form the Gd-based�-phase is in
ood agreement with the Handbook of Phase Diagrams[14]
nd the results of previous publications[10].

The as-arc-melted Sm-based sample shows a DTA
othermic peak with an onset at 893 K, which is hypo
ized to be associated with the formation of the�-phase. A
eat treatment procedure was applied to obtain the Sm-
-phase compound in single-phase form as follows: the
le was heated from 873 K to 1113 K at a rate of 3 K p
nd held at 1113 K for 12 h. The subsequent disappea
f the above-mentioned endothermic signal for the anne
ample suggests that the speculated�-phase formation in th
emperature range has completely occurred. However, X
iffraction analysis presents no evidence of this anticip
m-based�-phase. Rather, the X-ray diffraction pattern of
nnealed Sm-based sample appears to be related to the2
ompound. It is well known that Sm-based compounds
nstable at high temperature. As the loss of Sm and/
m-based compounds in the arc-melting and homoge

reatment processes is out of our control, the Sm-bas�-
hase could not be obtained in the present work.

As earlier reported by Hu et al.[10], it is well known tha
he Pr-based�-phase compound exists in a range of sub
uted element concentration. To deepen the results of
nce[10], in the current study, five compositions were cho

or synthesis of the Pr-based�-phase compound. A sm
xotherm at∼773 K in the DTA signal of the as-cast sampl
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Fig. 1. Representative DTA data of the�-phase compound Pr6Fe11.5Al2.5

(x = 1.5).

obviously related to crystallization. The small peak area indi-
cates that our sample is largely crystalline in its as-cast form.
A clear endothermic peak found in the data of the as-arc-
melted Pr-based samples (Fig. 1) with an onset atT≈ 953 K
is anticipated to be related to the formation of the Pr-based
�-phase in the melting process. Thus, an annealing schedule
was optimized for the Pr-based samples: the samples were
heated from 848 K to 1023 K with a heating rate of 3 K per h
and then held at temperature for 12 h. The disappearance of
this endothermic peak in DTA signal for annealed Pr-based
samples of compositionx = 1.5 is evidence that�-phase for-
mation has completed while thex = 1 sample still possesses
evidence of the presence of another phase.

The X-ray diffraction patterns of the Pr-based samples in-
dicate that all the synthesized compositions, except for the
x = 1 sample, are single-phased within detection limits and
have the crystal structure of type Pr6Fe13Si (i.e., the�-phase).
A representative XRD pattern is shown inFig. 2, along with
the standard Bragg reflection positions for the 6-13-1�-phase
obtained from reference[15]. The determined lattice param-
eters are listed inTable 1. Examination of the variation of the
unit cell parameters as a function of Al concentration reveals
that the lattice expands with increasing Al content. This ob-
served expansion is attributed to the substitution of Fe by Al
atoms and is in agreement with the fact that the atomic radius
o
c
r

T
S

x K)

1
1
3
3
4

Fig. 2. A refined X-ray diffraction pattern of the annealed Pr-based�-phase
compound Pr6Fe9.25Al4.75 (x = 3.75). The solid lines are JCPDS standard
peaks for a powder sample of type Pr6Fe13Al.

3.2. Magnetic character

The magnetizationM versus temperatureT curves for all
five synthesized samples of the Pr-based�-phase compound
are shown inFig. 3. It can be seen that the Pr-based sam-
ples withx = 1.5, 3, 3.5 and 4 are typical antiferromagnets
with an antiferromagnetic magnetic ordering Néel temper-
atureTN identified as a cusp in the signal. The magnetic
signal of thex = 1 sample is more atypical and appears to
be somewhat ferromagnetic, with a magnetic transition tem-
perature of 320 K; the mixed magnetism of this sample is
consistent with its noted two-phase character, identified with
DTA and XRD. The low magnetization value found in sam-
ples with x = 3, 3.5 and 4 forT > 200 K suggests a fully
antiferromagnetic structure. TheM versusT curve for the
x = 4 sample of the Pr-based sample series exhibits several
magnetic transitions and is displayed fully in the inset of
Fig. 4. The magnetic behavior of thex = 4 sample includes
two ferromagnetic ordering transitions atT= 40 K and 390 K
and sharp peak in the magnetization atT = 115 K. The 10-
fold increase of the magnetization of thex = 4 sample at
low temperature suggests that the observed transition origi-
nates from a ferromagnetic impurity. The [Pr–Fe–Al] equilib-
rium ternary phase diagram provides information to identify
this ferromagnetic impurity. It is known that the Pr2(Fe,Al)17
f Al (0.144 nm) is larger than that of Fe (0.124 nm)[16]. It is
oncluded from XRD studies that the nominal single�-phase
egion extends fromx∼ 1.25 tox∼ 3.5.

able 1
ome characteristics of the�-phase compound Pr6Fe13−xAl1+x

Compound Fe:Al ratio TN (

.0 Pr6Fe12Al2 6.0 320

.5 Pr6Fe11.5Al2.5 4.6 300

.0 Pr6Fe10Al4 2.5 175

.5 Pr6Fe9.5Al4.5 2.1 135

.0 Pr6Fe9Al5 1.8 115
a (Å) c (Å) Cell volume (Å3)

8.119 (4) 23.202 (9) 1529.64 (3)
8.143 (6) 23.151 (1) 1535.34 (0)
8.188 (8) 23.139 (7) 1551.66 (6)
8.165 (3) 23.059 (5) 1537.42 (6)
8.234 (4) 23.183 (4) 1571.95 (8)
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Fig. 3. Magnetization vs. temperature curves for Pr-based�-phase com-
pounds Pr6Fe13−xAl1+x. The inset shows the full curve for the compound
with x = 4.

compound orders ferromagnetically at the Curie tempera-
tureTC in the range 295 K≤ TC ≤ 420 K depending on the
amount of Al substituted into the structure[17,18]. Thus, the
observed ferromagnetic transition atT = 390 K for thex =
4 Pr-based sample is likely from a very small amount of the
2:17 Al-substituted phase. The other ferromagnetic transition
is attributed to the presence of the PrAl2 compound which or-
ders ferromagnetically atTC ∼ 38 K [19]. The concurrence
in magnetizations of these ferromagnetic phases and the anti-
ferromagnetic�-phase may mask the antiferromagnetic tran-
sition of the�-phase resulting in the observed peak at 115 K.

F ed
� ers
s

For intermediate values ofx, the magnetization data also show
evidence of ferromagnetic impurities. As mentioned earlier,
the DTA data of thex = 1 composition show evidence of
an impurity. Interpretation of the magnetization data for this
sample suggests that the ferromagnetic transition of the hy-
pothesized 2:17 impurity phase withTC ∼ 300 K overwhelms
the antiferromagnetic transition signal of the�-phase of com-
position Pr6Fe12Al2 with TN near this temperature, leading
to the observed behavior of the measuredM versusT curve.

The dependence of the measured Pr6Fe13−xAl1+x Néel
temperaturesTN upon Al concentration is graphed inFig. 4
and it is clear that the Ńeel temperature decreases strongly
with increasing Al content from about 115 K (x= 4) to about
320 K (x= 1). It is hypothesized that the presence of the non-
magnetic Al atom dilutes the antiferromagnetic coupling ex-
isting between the RE elements and the Fe sublattice and
thereby decreases theTN. As discussed above, all five sam-
ples of the Pr-based material were found to contain a 2-17-
type ferromagnetic impurity that may mask the AF ordering
signal of the�-phase. A detailed investigation on the Al-
concentration dependence of the Curie temperature of the
Pr2Fe17 ferromagnetic phase is underway in order to give
better interpretation to the Al-concentration dependence of
theTN of the current studied compounds.
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ig. 4. Al-concentration dependence of the Néel temperatures for Pr-bas
-phase compounds Pr6Fe13−xAl1+x. Dashed line connecting data mark
erves to guide the eye.
. Conclusions

We have shown that in the ternary RE–Fe–Al system
E6Fe13Al compound does not form for RE = Gd and S
owever, the Pr6Fe13−xAl1+x �-phase was detected in
ompositions synthesized from 1≤ x ≤ 4. In the compos
ional region of 1.5≤x≤3.5, the antiferromagnetic Ńeel tem-
eratureTN varies quasi-linearly from 320 K to 115 K. Bas
n the proposed model of magnetic behavior of BMG-t
lloys of composition RE60Fe30Al10 [6], both the formatio
f the BMG alloys and the development of their high co
ivity are attributed to the primary solidification produc
he compositional region of interest, the�-phase RE6Fe13Al,
ith the Fe:Al ratio controlled by the starting alloy compo

ion in the BMG formation region. The obtained experime
esults obtained on Pr-based compounds of the�-phase ar
nticipated to contribute to basic understanding of the m
etic properties of the RE-based ferromagnetic BMG

erials. Further investigation of the correlation between
bserved magnetic properties of the�-phase and those of t
orresponding melt-spun vitrified ribbons is needed to pe
he picture of the “Bulk Metallic Glass”.
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