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a r t i c l e i n f o

Article history:

Received 12 April 2009

Received in revised form

14 May 2009
Available online 22 May 2009

PACS:

75.20.�g

75.30.�m

75.50.Kj

75.60.�d

Keywords:

Hard magnetic alloy

Composite material

Amorphous phase
53/$ - see front matter & 2009 Elsevier B.V. A

016/j.jmmm.2009.05.032

esponding author. Tel.: +52 55 56224654; fax

ail address: israelb@correo.unam.mx (I. Betan
a b s t r a c t

The thermomagnetic behaviour (within the temperature range 553–300 K) for the bulk composite

Nd60Fe30Al10 alloy is described in terms of a transition from paramagnetic to superferromagnetic state

at T ¼ 553 K, followed by a ferromagnetic ordering for To473 K. For the superferromagnetic regime, the

alloy thermomagnetic response was associated to a homogeneous distribution of magnetic clusters

with mean magnetic moment and size of 1072mB and 2.5 nm, respectively. For To473 K, a pinning

model of domain walls described properly the alloy coercivity dependence with temperature, from

which the domain wall width and the magnetic anisotropy constant were estimated as being of E8 nm

and E105 J/m3, typical values of hard magnetic phases. Results are supported by microstructural and

magnetic domain observations.

& 2009 Elsevier B.V. All rights reserved.
1. Introduction

Hard magnetic materials based on RE–TM–Al (RE ¼ Nd, Pr, Sm,
Gd; TM ¼ Fe, Co) alloys have elicited a considerable interest from
both, the scientific and technical point of view because of their
high coercivity values arising from the interplay between
amorphous/secondary crystalline phases, and the possibility of
preparing bulk materials in excess of 10 mm of diameter in rod-
shaped samples by means of a simple copper-mold casting
techniques [1–5]. The microstructure, as well as the magnetic
properties in the as-quenched metallic samples are largely
determined by the cooling rate used to solidify these alloys from
the melt, since the magnetic behaviour may change from coercive
materials (typically �300 kA/m) prepared at low cooling rates
(o102 K/s, typical of die-casting process), to soft magnetic-like
alloys (with coercivities below 10 kA/m) obtained at much higher
cooling rates (typically between 105 and 106 K/s, characteristic of
rapid solidification techniques, such as melt spinning) [2,4,5].

Although, there is no unanimous agreement on the coercivity
mechanism of these RE–TM–Al-based alloys because of the
variety of microstructures and phase distribution described
profusely in the specialized literature (from single amorphous
phase [1–5] to nanocomposite material having a nanophase
ll rights reserved.

: +52 55 56161371.

court).
crystallite distribution embedded in a majority amorphous matrix
[6–10]), a common characteristic for all the microstructures
observed is the presence of an homogeneous distribution of
nanosized exchange coupled Fe-rich clusters [3–5,11–14],
whose average size (between 2 and 5 nm) would be a measure
of a correlation length l. On the other hand, the inter-cluster
exchange interaction implies an exchange length lex ¼ (A/K)1/2

(A ¼ exchange constant, K ¼ anisotropy constant), such that when
lElex, the local magnetic vector is strongly constrained by the
orientation of the local anisotropy and hard magnetic properties
arise. A complementary view considering a composite structure
leads to the formation of magnetic domains due to the inter-
cluster exchange interaction, and hence, the coercivity becomes
the result of a pinning process at the secondary crystalline phases.

In this work, we describe the coercivity of Nd60Fe30Al10 bulk
alloys with composite microstructure in terms of the thermo-
magnetic behaviour of the clustered amorphous phase, magnetic
domain formation and their interaction with pinning sites.
2. Experimental methods

The master alloy ingot with composition Nd60Fe30Al10 was
prepared by arc-melting the pure component elements within inert
argon atmosphere. Bulk cylindrical rods (3 mm diameter�50 mm
length) were obtained from the master alloy by die-casting process
into a copper mold under argon atmosphere. The microstructure of
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as-cast cylinders was characterized by transmission electron
microscopy. The alloy magnetic structure was determined by
means of magnetic force microscopy (MFM). On the other hand,
magnetic measurements were carried out using a Vibrating Sample
Magnetometer (VSM) within the temperature range 300–553 K
with a maximum applied field Hmax of 1360 kA/m.
Fig. 2. M–H curves for the Nd60Fe30Al10 bulk alloy at room temperature.
3. Results

The composite character of the bulk Nd60Fe30Al10 is manifested in
Fig. 1, for which the TEM image shows some fine crystallites of hcp
Nd, as indicated by the corresponding selected area diffraction pattern
SADP, for which the (101), (10 4), (10 5) and (10 7) planes were
identified. The mean size of the Nd crystallites is �20 nm and they
appear embedded in an amorphous phase, as is evidenced by the
diffuse haloes and circularly arranged dots present in the SADP. On
the other hand, the room-temperature magnetisation M–H curve for a
bulk composite Nd60Fe30Al10 alloy sample is shown in Fig. 2
exhibiting the following properties: maximum magnetisation
m0Mmax of 0.19 T, remanence magnetisation m0Mr of 0.13 T and
intrinsic coercivity Hc of 282 kA/m. Further magnetisation curves
with increasing temperature T were recorded within the range
300–553 K, from which m0Mr and Hc as a function of T are displayed in
Fig. 3 exhibiting an expected decreasing tendency for both properties
as the temperature rises and becomes zero at T1 ¼ 473 K. Beyond this
temperature, the M–H plots manifest anhysteretic character, as it is
shown in Fig. 4, for which a fully paramagnetic state is manifested up
to T2 ¼ 553 K.
4. Discussion

As mentioned in the precedent introduction section, the
amorphous phase is a characteristic of bulk RE–TM–Al alloys,
Fig. 1. Electron microscopy micrograph corresponding to a bulk Nd60Fe30Al10 alloy

sample showing the presence of small hcp Nd precipitates (for which the (10 1),

(10 4), (10 5) and (10 7) planes were indexed in the corresponding SADP) having a

mean grain size of about 20 nm.

Fig. 3. Remanence magnetisation (a) and coercivity field (b) as a function of

temperature for the Nd60Fe30Al10 bulk alloy (solid lines represent a guide for the

eye, only).

Fig. 4. M–H curves for the Nd60Fe30Al10 bulk alloy at 473, 503 and 553 K.
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Fig. 5. Fitting of Eq. (3) for initial M–H plots and variable temperature for the

Nd60Fe30Al10 bulk alloy.

Fig. 6. Fitting of Eq. (4) for initial M–H plots and variable temperature for the

Nd60Fe30Al10 bulk alloy.
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and it has been described as encompassing an homogeneous
distribution of nanosized (1–3 nm) exchange-coupled Fe-rich
clusters as a result of the relaxed amorphous structure afforded
by the low cooling rate of the simple casting process used [11–16].
Due to the minute dimension of these clusters, they must possess
a single domain character, and hence are also susceptible to
present a superparamagnetic behaviour before the transition to a
fully paramagnetic state. According to our findings, this is the case
for the current bulk Nd60Fe30Al0 alloy as pointed out by the
absence of hysteresis between 473 and 553 K (Fig. 4). This
anhysteretic behaviour is analyzed in the following.

For a collection of superparamagnetic entities with magnetic
moment m and nil inter-particle interaction, the magnetisation M

can be described by [17]:

M ¼ NmL
mH

kBT

� �
(1)

where N is the number of clusters per unit volume;
m ¼ spontaneous magnetic moment of each cluster;
L(x) ¼ Langevin function; H ¼ applied field; kB ¼ Boltzmann con-
stant and T ¼ temperature of measurement. By assuming ferro-
magnetic coupling between atom spins within each cluster, it is
reasonable to expect a temperature dependence of m, i.e.
m ¼ m(T) [18,19], where

mðTÞ ¼ msb
T

Tclust
c

 !
(2)

with ms ¼ saturation magnetic moment at 0 K; Tc
clust
¼ Curie

temperature of the whole clustered phase and b(T/Tc
clust) as the

temperature dependence function describing the decreasing
tendency of magnetisation with increasing temperature, which
can be determined on the basis of the Brillouin function for Fe
atoms with magnetic moment mFeE2mB (established by Möss-
bauer experiments for analogous melt-spun Nd60Fe30Al10 alloys in
Ref [8]. mB ¼ Bohr magneton). Therefore,

M ¼ Nmsb
T

Tclust
c

 !
L

msbðT=Tclust
c ÞH

kBT

 !
(3)

For validation of this superparamagnetic model through Eq. (3),
M/b(T/Tc

clust) vs b(T/Tc
clust)H/T curves should converge into a single

plot for any combination of H or T with Tc
clust as a free parameter

[18,19]. For instance, Fig. 5 displays the fitting process of Eq. (3) by
using initial M–H plots at variable temperature and Tc

clust
¼ 553 K,

for which a lack of coincidence between thermomagnetic data and
Eq. (3) is manifested.

A variation of the superparamagnetic model described above,
proposed for thermomagnetic studies in melt-spun Pr100�xFex and
Y60Fe30Al10 alloys [18,19], considers the incorporation of an inter-
particle interaction in the form of a molecular field wM acting
between ferromagnetic clusters, thus resulting in a superferro-

magnetic interaction. Within this frame, the magnetisation M(T,H)
becomes

MðT;HÞ ¼ Nmsb
T

Tclust
c

 !
L

msbðT=Tclust
c Þ H þwMð Þ

kBT

 !
(4)

For this equation to be applicable to the present case, M/b(T/
Tc

clust) vs b(T/Tc
clust)(H+wM)/T curves should coincide into a single

curve this time with w and Tc
clust as free parameters for fitting

process [18,19]. For same alloy thermomagnetic data at
Hmax ¼ 1360 kA/m, the combination Tc

clust
¼ 553 K and w ¼ 7.5

leads to a very good agreement with Eq. (4), as shown in Fig. 6.
These fitted parameters are in rough agreement with the ones
determined for the related melt-spun Nd60Fe30Al10 ribbons at
5 m/s: Tc

clust
¼ 570 K and w ¼ 8, respectively [20].
Additionally, when x51, the Langevin function L(x) can be
approximated using a series expansion as L(x)Ex/3, so that Eq. (4)
becomes

MðT;HÞ ¼ Nm2
s b2 T

Tclust
c

 !
H þwM½ �

3kBT
(5)

Considering the saturation magnetisation M0 (at 0 K) as
M0 ¼ Nms, we have for ms

ms ¼
3kB

M0

MðT;HÞT

b2
ðT=Tclust

c ÞðH þwMÞ

" #
(6)

where the term into brackets corresponds to the initial slope of
the Langevin data fitting of Fig. 6. For the present case and
considering an alloy density of 7.7 g/cm3, such slope was
determined as 184.8 K. Furthermore, experimental measurements
at very low temperatures and very high applied magnetic field
[21] afford an estimation of m0M0 as 0.77 T. Therefore, according to
Eq. (6), we have for ms

ms ¼ 9:936� 10�21J=T ¼ 1072mB (7)



ARTICLE IN PRESS

Fig. 7. MFM image at room temperature for the Nd60Fe30Al10 bulk alloys showing

(a) magnetic domain formation within an area of 1.7�1.7mm2 and (b) a detailed

structure from the white square in (a) showing the progressive transition from one

domain direction (green scale, on the right) to the opposite one (blue scale), with a

transition zone (in black) 1071 nm. The thickness of the transition between

adjacent domains is indicated along the red line. (For interpretation of the

references to colour in this figure legend, the reader is referred to the web version

of this article.)
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where mB ¼ 0.927�10�23 J/T. For this value of ms, and reminding
that mFeE2mB [8], the number of Fe atoms in a cluster can be
estimated as ms [mB]/(2mB/atom) ¼ 536 atoms. Additionally, an
assessment of the number of clusters per unit volume N follows
from:

N ¼
M0

nmB

(8)

where n ¼ number of Bohr magnetons. Present data for M0

(6.13�105 A/m), n (1072) and mB leads to N ¼ 6.16�1025 clus-
ters/m3. For this value of N, we would have in a box of
10�10�10 nm3 about 62 clusters, which imply

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
62 � 43
p

clusters
per box side, and thus, each one with an average size of E2.5 nm.
This estimation of cluster size is in excellent agreement with high-
resolution TEM observations in similar bulk Nd65Fe25�xCoxAl10

and melt-spun Nd60�2/3xFe30�1/3xAl1+x alloys [22,23] and also with
the related high coercive Pr100�xFex amorphous ribbons with a
clustered structure verified by HRTEM [18].

For temperatures below T1 ¼ 473 K, the alloy becomes ferro-
magnetic. Within this magnetically ordered state, the exchange
interaction strengthening affords the formation of ferromagnetic
domains, as shown in Fig. 7a, which corresponds to a room-
temperature MFM image exhibiting clear contrast between
adjacent regions, presumably, the magnetic domains. According
to image brightness analysis on a 522�522 nm2 section (Fig. 7b),
the transition between dark-clear regions occurs in a progressive
way, as indicated by the colour scale: blue for one magnetic
orientation and green for the opposite direction, with a black
transition zone estimated as being of 1071 nm in average
length (after analyzing several MFM images). This transition
length should be associated to the domain wall (DW) width dw.
Very similar magnetic domain structures were reported for
comparable bulk Nd65Fe25�xCoxAl10/Nd60Fe20Co10Al10 alloys
[22,24].

Concerning the coercivity mechanism active for this
Nd60Fe30Al10 bulk alloys, the pinning of domain walls would be
consistent with the low initial susceptibility observed in Fig. 2. To
test the validity of this assumption, a coercivity model proposed
by Gaunt [25] is used to describe the Hc dependence with
temperature: According to this model, a material whose coercivity
mechanism is driven by the pinning of domain walls at a random
array of magnetic inhomogeneities (such as non-magnetic pre-
cipitates, inclusions, cavities or any region with different magnetic
properties with respect to the main matrix) has an Hc(T) variation
that must fit the non-linear relationship

H1=2
c ðTÞ ¼ H1=2

0 �
75kB

4bf

� �2=3

T2=3 (9)

where H0 is the applied field necessary to release a DW from
a pinning centre in the absence of thermal activation; kB is the
Boltzmann constant; T is the absolute temperature; 4b ¼ range
of pin interaction ¼ domain wall width dw;and f ¼maximum
restoring force per pin. From Eq. (9), it is clear that when
thermal activation is neglected (T ¼ 0) the material coercivity
is given by H0. However, at any T40 K, the thermal energy
available acts as an activation energy supply, which in turn
affords the DW to break away from its pinned position at a field
HoH0. The condition for strong pinning (i.e. a single obstacle
interacting with a DW for each pining–unpinning process) is
satisfied when [25]

3f

2pgdw
41 (10)

with g ¼ domain wall energy per unit area. This condition is
fulfilled for large f/g ratio or for small dw, which requires narrow
DW (small dw), and thus, a large magnetic anisotropy constant K.
For the present case, the pinning centres were associated to the
secondary paramagnetic Nd-rich crystallites observed by TEM
(Fig. 1). Fitting of Hc(T) data (Fig. 3) with Eq. (9) between 300 and
463 K (i.e. well before the onset of the superferromagnetic regime)
is shown in Fig. 8, exhibiting an excellent agreement, which
resulted in the following expression after minimum square
processing: Hc

1/2
¼ 1.8656 [T1/2]�0.0289T2/3 [T1/2 K�2/3].

According to Eq. (9), the critical field H0 can be determined as
H0 ¼ (1.8656 T1/2)2

¼ 3.48 T, which is in excellent agreement with
experimental measurements at low temperatures (H0 ¼ 3.5 T
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Fig. 8. Fitting of Hc(T) data to Eq. (9) within the range 300–463 K. The line was

fitted as: Hc
1/2
¼ 1.8656 [T1/2]–0.0289T2/3 [T1/2 K�2/3].
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[21]). In addition, the domain wall width dw ¼ 4b can also be
determined from the slope of the fitted Hc(T) equation as follows:

dw ¼
75kBH3=4

0

f ð0:0289Þ3=2
(11)

The restoring force term f is proportional to the interaction
energy Em between the domain wall of a single defect, and
inversely proportional to the domain wall width dw [26], i.e.
f ¼ Em/dw. For a spherical defect of radius r fully immersed within
a domain region, Em is of magnetostatic character, and therefore:
Em ¼ Nd�Ms

2/2, where Nd corresponds to the demagnetising
factor of a sphere (Nd ¼ 1/3, SI). Then, the total energy can be
written as Em ¼ (1/3)(Ms

2/m0)(4pr3/3) ¼ 2pMs
2r3/9m0. When the

domain wall bisects the spherical defect, Em becomes half
partitioned, so that Em,2 ¼ pMs

2r3/9m0. From the strong pinning
criterion of the Gaunt model, it is necessary to have 2r4dw.
Assuming dw ¼ r as the maximum dw length, we have for the
maximum restoring force f ¼ pMs

2r3/9m0r ¼ pMs
2r2/9m0. For this

expression with m0Ms ¼ 0.77 T and r ¼ 20�10�9 m, we have
f ¼ 6.59�10�11 N, and thus from Eq. (11) a DW width value of
dw ¼ 8.14 nm. This dw is in good agreement with the estimated
value by MFM analysis (Fig. 7).

According to Eq. (10), the DW surface energy g can have a
maximum value of

go 3f

2pdw
¼ 3:86x10�3 J

m2

� �
(12)

And thus, an estimation of the alloy’s exchange constant A and
the anisotropy constant K, are feasible by considering the
relationship between dw, g, A and K for a 1801 DW [17]

dw ¼ p
ffiffiffiffi
A

K

r
(13)

g ¼ 4
ffiffiffiffiffiffiffi
AK
p

(14)

which leads to the maximum values A ¼ 2.50�10�12 J/m and
K ¼ 3.72�105 J/m3. This anisotropy constant is typical of a hard
phase, since it is comparable with, for instance, the K of
hexaferrites like BaFe12O19 (K ¼ 3.2�105 J/m3) [27]. These results
are also in excellent agreement with the A, K values (2.0�10�12 J/m
and 3.3�105 J/m3, respectively) determined for the related as-
cast/annealed Nd60Fe20Co10Al10 bulk alloys [20].
5. Conclusion

Pinning of domain walls was consistent with the temperature
variation of coercivity in composite Nd60Fe30Al10 bulk alloys, from
which the estimation of the anisotropy constant resulted in the
order of 105 J/m3, typical of a hard magnetic phase. The magnetic
domains formation were ascribed to the exchange coupling
between ferromagnetic clusters, homogeneously distributed
within the amorphous phase, which in turn, presents a ferro-
magnetic–superferromagnetic, superferromagnetic–paramagnetic
transitions at T1 ¼ 473 K and T2 ¼ 553 K, respectively.
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