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a b s t r a c t

This study investigated the magnetism and anomalous transport properties of the melt-spun ribbon
Fe2MnAl alloy. It is found that the alloy exhibits ferromagnetic order with the Curie temperature of
∼150 K, followed by another magnetic transition at TR ∼ 51 K. It is suggested there is antiferromag-
netism pinning effect on the ferromagnetic matrix at the temperature below TR. A steep rise of the
vailable online 16 December 2010
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resistance below TR has been observed, which can be understood in terms of antiferromagnetic scatter-
ing. An appearance of the resistance maximum near the Curie temperature and the negative temperature
dependence of the resistance above Curie temperature are associated with the magnetic phase transition
from ferromagnetism to paramagnetism. A negative magnetoresistance at low temperature arising from

c scat
eusler alloys
agnetic properties
agnetoresistance

inhomogeneous magneti

. Introduction

Ternary alloy system Fe–Mn–Al has been extensively investi-
ated for a long time. A lot of work has been focused on the low
n content in relation to the spin glass state in dilute metallic

lloys, such as Fe0.70−xMnxAl0.30 (0 ≤ x ≤ 0.6) as a consequence of
he presence of competing interactions between ferromagnetic of
e–Fe coupling and antiferromagnetic of the Fe–Mn, Mn–Mn cou-
lings [1]. Study of Fe89−xMn11Alx alloys varying x between 2 and
0 at.% revealed that with increasing the Al concentration, the alloys
hange their structure from A2, crossing a DO3 region up to B2
tructure [2]. The structural order in this system has great influ-
nce on their magnetic properties of the alloys. Corresponding to
he above structure, the magnetic properties of the alloys changing
rom ferromagnetism via a region of re-entrance towards antifer-
omagnetism have been observed [2]. The magnetic properties in
eusler alloys Fe2+xMn1−xAl have been investigated [3], showing

hat the Curie temperature and saturation magnetization increased
ith the Fe content.

Since the discovery of giant magnetoresistance (GMR) by the
roups of Fert [4] and Grunberg et al. [5], a new field in condensed
atter, magnetoelectronics or spintronics, has evolved and grown
teadily in the last 20 years. As the elements of multilayered mag-
etoelectronic devices such as the magnetic tunnel junction [6] and
he giant magnetoresistance spin valve [7], high-spin polarization

aterials, especially half-metals, have been attracted much atten-
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tion. Stoichiometric Heusler alloys Fe2MnAl has been predicated
to be half-metal by band structure calculation [8]. Furthermore, it
has been found that melt-spinning is effective in improving the
GMR effect due to the induction of the inhomogeneous magnetic
entity, i.e. in Cu2MnAl ribbons [9]. So we choose Fe2MnAl melt-
spun ribbons as the research target. In this paper, we focused on the
magnetic and anomalous transport properties. Based on the mag-
netization measurement, it is suggested there is antiferromagnetic
coupling in the ferromagnetic matrix in our sample. A steep rise of
resistance at temperature below 51 K arising from antiferromag-
netic scattering and a maximum of resistance at Curie temperature
has been observed in Fe2MnAl alloy.

2. Material and method

We prepared the precursor ingot by melting pure metals in proportion in an
induction furnace under the argon atmosphere. Subsequently the ingot was melted
in a quartz tube and rapidly cooled by spinning onto a copper wheel, spinning at
a linear velocity of about 20 m/s. The ribbon is about 30 �m thick. The structure of
the ribbons was characterized by means of X-ray diffraction (XRD) using a Philips
X’Pert MPD instrument with Cu K� radiation. The temperature dependence of elec-
trical resistance and magnetoresistance were carried out by standard four-probe
technique over the temperature range from 4.2 K to 300 K. A commercial super-
conducting quantum interference device (SQUID) magnetometer (Quantum Design
MPMS) was used to measure the magnetic properties.

3. Results and discussion
3.1. Structure

The chemical structure of the Fe2MnAl is readily determined
using XRD techniques. The intensities of different lattice reflec-
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dent that our sample is inhomogeneous ferromagnetic systems,
rather than usual uniform ferromagnets. Buschow et al. show the
saturation moment at 4.2 K for Fe2MnAl ingot treated at 1173 K
for 12 days is 1.58 �B per formula unit [11]. The magnetization
ig. 1. (a) Calculated X-ray powder diffraction pattern for Heusler alloy Fe2MnAl;
b) Experimental pattern for Fe2MnAl melt-spun ribbons.

ions are proportional to the square of the structure factor, F2. For
eusler alloys X2YZ, F(1 1 1) reflects the chemical ordering of Y and
atoms, and F(2 0 0) corresponds to the superlattice reflections of
atoms, while F(2 2 0) is order-independent principal reflections

10]. Fig. 1(a) shows the calculated XRD pattern of Fe2MnAl pow-
er samples with the experimental lattice constant of a = 5.816 Å
11] for ordered L21 Heusler structure. As expected, the superlat-
ice diffraction peaks of (1 1 1) and (2 0 0) are both presented. The
xperimental XRD pattern for Fe2MnAl ribbons is shown in Fig. 1(b).
he lack of the (1 1 1) peak indicates a large amount of disordered
ccupation between Mn and Al. The (2 0 0) superlattice peak indi-
ates the ordering of the Fe sublattice appears. Both characteristics
uggest the ribbon sample presents mainly B2 structure. Except the
ain B2 phase diffraction peaks, extra rather small diffused peaks

merged, as denoted by arrows. According to the previous studies
n Fe–Mn–Al ingot samples [3], the two peaks can be identified as
inority face centered tetragonal (fct) phase.

.2. Magnetic properties

Fig. 2 shows the temperature dependence of the magnetiza-
ion of Fe2MnAl ribbons measured after zero-field-cooling (ZFC)
nd field-cooling (FC). Here, the curve marked by ZFC was obtained
y cooling the sample from above Curie temperature to 5 K in zero
pplied field, and then measuring the thermomagnetic curve with
ncreasing temperature in 50 Oe applied field. The curve marked
y FC was obtained by cooling the sample from above Curie tem-
erature to 5 K with applied field of 50 Oe, and then increasing
emperature in the same applied field as indicated in Fig. 2. For
he ZFC curve, a peak at ∼51 K denoted as TR is clearly observed.
owever the FC-curve at temperature below TR shows a different
ehavior. It can be seen that the thermomagnetic curves measured

fter ZFC and FC exhibit irreversible behavior below TR. It seems like
spin-glass transition behavior or a magnetic transition. Further

ncreasing temperature, a ferromagnetic to paramagnetic transi-
ion is also observed with the transition temperature is ∼150 K.
Fig. 2. Temperature dependence of the magnetization of Fe2MnAl ribbons in 50 Oe
under zero-field-cooling and field-cooling conditions.

The arrott plots of the magnetization, namely a plot of the square
of the magnetization M as a function of H/M, for Fe2MnAl melt-spun
ribbons are shown in Fig. 3. The data taken at high fields are fitted
by straight lines. Extrapolating the linear fit line to zero field, it
is found that the intercept is zero at about 150 K, indicating the
Curie temperature for Fe2MnAl is about 150 K, which is consis-
tent with M–T curve. The positive intercept at temperature below
150 K confirmed the existence of the spontaneous magnetization,
implying the long range ferromagnetic order indeed exists in the
alloys. So the spin-glass transition behavior in our sample can be
excluded from these results. We consider the transition at TR a sec-
ond magnetic transition. It has been suggested that in magnetically
heterogeneous systems, the ZFC and FC splitting for M–T curves
that occurs just below a magnetic transition temperature is usually
due to the antiferromagnetic pinning effect in the ferromagnetic
parts [12,13]. Therefore, an antiferromagnetic entity may exist in
this Fe2MnAl melt spun ribbons.

Fig. 4 shows the magnetic hysteresis loop measured at 5 K for
Fe2MnAl sample. It shows a remanence of 28 emu/g and a coer-
cive force of 370 Oe, indicating an antiferromagnetic ordering might
be taking place in the sample as pointed out in Fig. 1. Inset Fig. 4
shows the field dependence of the magnetization M(H) at 5 K. The
magnetization does not saturate up to 5 T, suggesting a disordered
magnetic system. Together with the observed remanence, it is evi-
Fig. 3. Arrot plot of M2 vs. H/M at various temperatures for Fe2MnAl ribbons.
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3% at 30 K. According to the XRD results, the main phase for our
ig. 4. Magnetization hysteresis curve in the low field range measured at 5 K. Inset
raph shows the initial magnetization curve at 5 K.

oment of our Fe2MnAl ribbon at 5 K is 38 emu/g (equivalent to
.32 �B per formula unit) obtained by extrapolating high field M–H
urve to zero field, which is smaller than that reported in litera-
ure 11, manifesting the decrease of magnetic ordering caused by

elt-spinning.
Paduani et al. have reported the magnetic properties of Fe2MnAl

rc-melting ingot sample [3]. Comparing with our experiment
esults, although ZFC and FC splitting has also been observed in
heir sample, there is no peak temperature in their sample. The
urie temperature for the ingot sample is 300 K, much higher than
ur ribbon sample. Furthermore, there is no magnetic hysteresis
nd remanence for their sample. This is probably due to different
ample preparation method. For Heusler alloy Fe2MnAl, the Mn
nd Al atoms prefer to sit on the 4b sites (Wyckoff notation) of
he cubic cell of the Fm3m structure. However, a random distri-
ution can easily occur, especially when the sample was prepared
ith a non-equilibrium solidifying method, such as melt-spinning

n our case [10]. As confirmed by the XRD results shown in Fig. 1,
he Mn–Al disorder occurs to a large extent in our ribbon samples.
t is known that the Mn–Mn interaction is strongly dependent on
heir distance in Heusler alloy [14]. The Mn atoms are antiferromag-
etically coupled to the Mn atoms in Al site and ferromagnetically
oupled to Mn in their own occupation. Magnetic clusters arising
rom the antisite may form in the sample. A competition of ferro-

agnetic interactions and antiferromagnetic interactions resulted
n a magnetically inhomogeneous state. The higher Curie temper-
ture of the arc-melting sample reported in the Ref. [3] provided
urther evidence for the improvement of ferromagnetic Mn–Mn
nteraction of the ingot sample.

.3. Transport properties

Fig. 5 shows the temperature dependence of resistance in the
emperature range of 5–300 K measured under the field of 0 and
0 kOe, respectively. Without the external field, the resistance slope
R/dT is negative below the transition temperature TR and a semi-
onducting behavior was observed. Oppositely, between TR and TC,
R/dT is positive, which means the metallic behavior of the sam-
le. Above TC, dR/dT turns to negative again. It is obvious that R–T
urves exhibit anomalies at both TR and TC. The anomaly at TR

emonstrates there is a magnetic transition at this temperature.
s discussed above, the sample below TR presents ferromagnetic
verage, but antiferromagnetic phase is coexistence with the ferro-
agnetic matrix. It is reasonable to suppose the crossover between
he metallic and semiconducting behaviors at TR is associated with
ntiferromagnetism scattering arising from the effective number
f conduction electron density decreases due to a truncation of the
ermi surface [15].
Fig. 5. Temperature dependence of resistance at different fields.

The metallic property transformed to semiconducting property
accompanying with the magnetic transition from ferromagnetic
to paramagnetic. This suggested that the resistance maximum at
125 K is triggered by magnetic ordering transition. It is known that
the resistivity can be expressed as below [16]:

� = �0 + �ph(T) + �m(T),

where �0 is residual resistivity, �ph(T) represents the contribu-
tion of phonon scattering to the resistivity, �m(T) is the magnetic
scattering term. Generally speaking, �ph(T) increases with increas-
ing temperature. The magnetic scattering is proportional to
M(0)2–M(T)2, M(0) and M(T) are the saturation magnetization at
0 K and T K, respectively. In this regular way, the disappearance
of the temperature dependence of electron–magnon scattering
above TC resulted in the magnetic scattering reaches its maxi-
mum as the temperature increased to TC. Therefore, the resistance
should increase above TC. However, it is contradict with our
experiment fact that there is an anomalous decrease of resis-
tance above TC, as has been observed in Fe3−xVxGa, Fe3−xTixGa,
Fe3−xMxSi(M = triansition 3d metal) and Fe3−xVxAl [16–18]. It is
proposed this phenomenon is related to the strong magnetic scat-
tering in these systems [16].

Under the effect of 50 kOe, the resistance is suppressed
significantly below Curie temperature and TC shifts to higher tem-
perature. This suggests that the short-range magnetic disordering
inside the inhomogeneous magnetic materials is ferromagnetic
aligned in some extent under the external magnetic field which
enhances the Curie temperature and decreases the resistance
largely.

Fig. 6 shows the magnitude of the longitudinal magnetoresis-
tance (MR) as a function of the applied magnetic field. The MR is
defined as

MR = �R

R
= R(H) − R(0)

R(0)
,

where R(H) is the resistance of the sample in a magnetic field H
and R(0) is the resistance without field. The MR value is negative
in all measured temperature. The magnitude of MR increases upon
increasing the field and no sign of saturation. The MR value at 50 kOe
increased with decreasing field and reaches its maximum of about
ribbon sample is B2 phase, in which antiferromagnetic and fer-
romagnetic interaction between Mn–Mn atoms are coexistence.
Simultaneously, there are minor fct precipitates in the mainly B2
phase. These suggest our sample is magnetic inhomogeneous mate-
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Fig. 6. The magnetic field dependence of MR at various temperatures.

ials. Magnetic measurement implies antiferromagnetic coupling
xists in the ferromagnetic matrix. These antiferromagnetic have
andom magnetization directions in zero field, giving rise to strong
pin-dependent scattering. An external magnetic field will align the
agnetization direction. Consequently, spin-dependent scattering

s suppressed, resulting in negative MR. It should be pointed out
hat antiferromagnetic coupling spins between Mn atoms are still
ntiparallel, but point to the field direction.

. Conclusions

To sum up, in this paper we have systemically investigated

he magnetic and anomalous transport behavior in Fe2MnAl

elt-spun ribbons. The experiments showed definitely the con-
ection between the electrical resistance anomaly and the
agnetic structure. A semiconductor–metal transition and a
etal–semiconductor transition are corresponding to TR and TC,

[
[
[
[

pounds 509 (2011) 3219–3222

respectively. The negative slope of resistance below TR is attributed
to the antiferromagnetic scattering. There is a maximum of resis-
tance at TC, which is arising from the strong magnetic scattering.
A negative MR due to the spin-dependent scattering is observed in
the ribbon samples.
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