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Abstract

Melted alloys of the FexMn0.65�xAl0.35 disordered system, 0.25pxp0.65, were experimentally studied by Mössbauer

spectrometry, vibrating sample magnetometry and AC magnetic susceptibility. All the alloys exhibit the BCC structure

with a nearly constant lattice parameter (2.92 Å). Mössbauer studies at room temperature (RT) show that in the 0.25

pxp0.45 range the alloys are paramagnetic (P) while in the 0.50pxp0.65 range, they are ferromagnetic. At 77K,

Mössbauer studies show that the alloy with x ¼ 0:25 presents weak magnetic character that is consistent with an

antiferromagnetic (AF) behavior due to the high Mn content, while those with 0.30pxp0.40 are paramagnetic, and

those in the 0.45pxp0.65 range are ferromagnetic (F) with a mean field increasing with the Fe content. Hysteresis

cycles at RT prove the paramagnetic character of the alloys between x ¼ 0:25 and 0.40 and the ferromagnetic character

for xX0:45. Complementary measurements using AC magnetic susceptibility permit a magnetic phase diagram to be

proposed, with the P phase for high temperature and all the compositions, the AF phase for low Fe content and at low

temperature, the F phase for high Fe content above RT and the spin glass phase for all the compositions and at

temperatures lower than 46K. In addition, the mean field renormalization group (MFRG) method, applied to a

random competitive and site dilute Ising model with nearest-neighbor, gives rise to magnetic phase diagram, which

fairly agrees with previous experimental one.

r 2005 Elsevier B.V. All rights reserved.

PACS: 76.80; 75.30; 61.10

Keywords: Alloys; Hyperfine interactions; Magnetization; Mechanical alloying
- see front matter r 2005 Elsevier B.V. All rights reserved.

/j.jmmm.2005.08.005

onding author. Tel.: +572 3307627; fax: +57 2 3393237.

ddress: geperez@univalle.edu.co (G.A. Pérez Alcázar).
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1. Introduction

The Fe–Mn–Al system has been hardly studied
due to the possibility to be used as stainless steel
[1–3]. When Chakrabarti’s method [4] is used to
prepare them, disordered alloys are obtained
and they present a large scientific interest due to
the different types of magnetic phases that can be
detected. Ferromagnetic (F) and paramagnetic
(P) phases were earlier reported [5,6]. The occur-
rence of the spin-glass (SG) and reentrant-spin
glass in the F and antiferromagnetic (AF) phases
(RSG-F and RSG-AF, respectively) behaviors
were theoretically proposed by Rosales Rivera et
al. [7]. The SG and RSG-F phases were experi-
mentally proved by Kobeissi [8], Zamora et al.
[9,10] and Bremers [11]. These two phases result
from both the disorder and the presence of
competing F and AF interactions. Recently, an
experimental magnetic phase diagram was also
proposed for the FexMn0.3Al0.7�x (0.275pxp
0.525) alloys system [12]. This phase diagram
includes the P, F, and RSG-F phases and also
AF and RSG-AF phases for high Mn contents.
The occurrence of superparamagnetic-like (SP)
blocked events was reported for temperatures
above the AF phase. More recently, a magnetic
phase diagram was established for the FexMn0.6�x

Al0.4 alloys system [13]: all the previous phases
were observed, but a new phase was found in the
Fe-rich region. It was attributed to reentrant SP
behavior (RSP).

From the theoretical point of view, it is well
established that Ising-like models are well suited to
describe the critical behavior of many magnetic
systems [14–16]. The renormalization groups [17]
and the mean field renormalization group
(MFRG) [18–20] techniques have been used in
the study of the critical properties of magnetic
systems. The MFRG method has been applied to
pure, diluted, random-bond and random-field
systems [20], as well as to a diluted and random-
bond model [21]. These calculations have been
successfully achieved to interpret the different
experimental magnetic properties obtained for
Fe–Al [22] and Fe–Mn–Al alloys in the BCC
disordered phase [23], even regarding the SG and
RSG zones of the phase diagrams.
Consequently, the aim of the present work is to
report an experimental study of the magnetic and
structural properties of powders of melted alloys
of the FexMn0.65�xAl0.35 system, with 0.25p
xp0.60, based on 57Fe Mössbauer spectrometry
(MS), X-ray diffraction (XRD), vibrating sample
magnetometer (VSM) and AC susceptibility mea-
surements. In addition, a theoretical study using
a random site and diluted Ising model and the
MFRG technique is proposed to describe the
magnetic phase diagram for this system.
2. Experimental procedure

The samples were prepared by melting high
purity Fe, Al and Mn powders in an arc furnace
and under argon atmosphere. The melted materi-
als were heated at 1000 1C for 1 week in evacuated
quartz tubes and subsequently quenched in ice
water. Powder prepared by crushing the quenched
buttons was used for all the experimental measure-
ments. Transmission Mössbauer spectra (MS)
were recorded at 300K and at 77K using a
constant acceleration spectrometer with a 57Co/
Rh source and a bath cryostat. The spectra were
fitted using the MOSFIT program [25] including a
discrete hyperfine field distribution (HFD) and, in
most of the cases, additional paramagnetic com-
ponents. The values of isomer shift are referred to
that of natural Fe. The AC susceptibility measure-
ments were carried out in a SQUID magnet-
ometer, under an AC field of amplitude 3� 10�4 T,
a biasing DC field of 0.001T and at a frequency of
20Hz. For x ¼ 35 the dependence of the suscept-
ibility with the frequency (20–1500Hz) was also
studied. The hysteresis cycles were obtained using
a conventional VSM with a maximum field of
0.65 T.
3. Experimental results and discussion

X-ray measurements proved that all the alloys
unambiguously exhibit a BCC structure. The
lattice parameter is nearly constant with a value
of E2.92 Å, larger than that of the pure Fe due to
the bigger size of Al atoms.
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Fig. 1. Mössbauer spectra for the x ¼ 0:35 and x ¼ 0:60
samples at room temperature.
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Fig. 2. Mössbauer spectra for the x ¼ 0:25, 0.35 and x ¼ 0:60
samples at 77K.
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Fig. 1 shows some MS recorded at 300K for x ¼

0:35 (typical spectrum for samples in the range
0:25pxp0:45) and for x ¼ 0:60 (typical spectrum
for samples in the 0.50pxp0.60 range). The spectra
of the first range were fitted by using a single line and
a quadrupolar doublet, showing that these alloys are
paramagnetic with two Fe components. MS spectra
for alloys in the second range were fitted with a HFD,
a quadrupolar doublet and a single line and that of
x ¼ 0:65 only with a HFD, showing that in this
composition range the alloys are disordered and
ferromagnetic. However, for x ¼ 0:65 all the sites are
ferromagnetic while for xo0:65 additional P lines are
detected. These P lines correspond to Fe-rich sites in
Al and Mn atoms as nearest neighbors. For xX0:50
the calculated mean HF obtained from the fit as a
function of the Fe content increases with the increase
in the Fe content. The mean isomer shift (d) for the
single line slightly decreases when the Fe concentra-
tion increases, with values of 0.2270.02mm/s for x ¼

0:25 until 0.1570.022mm/s for x ¼ 0:60 i.e. the
substitution of Mn atoms by Fe atoms increases d.
Indeed, the s electron density increases as the number
of Fe atoms increases. Similar behaviors are observed
for the other phases.

Three typical MS recorded at 77K on samples
with x ¼ 0:25, 0.35 and 0.60 are shown in Fig. 2.
The spectra for alloys with x ¼ 0:25 and 0.30 were
fitted with an additional low mean field HFD,
which is associated with an AF order, in agree-
ment with the high Mn content and with previous
experimental reports [13] using AC magnetic
susceptibility and calorimetry in alloys near this
composition range. The spectra of the samples x ¼

0:35 and 0.40 were fitted with a quadrupolar
doublet and a single line showing that their P
character remains at 77K. The spectra in the range
0.45pxp0.60 were fitted with a HFD with high
mean HF, a quadrupolar doublet and a single line
and that with x ¼ 0:65 with only a HFD with large
mean HF value. MS of the x ¼ 0:25 sample
without and with a 0.04T external field were
performed at 77K, as previously reported in Ref.
[24]. These spectra and their HFDs are very similar
and do not suggest the presence of any significant
dynamical effects. These results suggest the AF
character of the sample. MS and their correspond-
ing HFDs, at 300K, of the x ¼ 0:60 sample
without and with a 0.3 T external field (applied
perpendicularly to the direction of g-beam) were
also previously performed [24]. The increase of the
intermediate lines intensities (Dm ¼ 0) is consistent
with a ferromagnetic behavior while a shift to
higher fields of the HFD (E3T) is larger than
the external field suggests the presence of SP
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Fig. 3. Hysteresis curves for FexMn0.65�xAl0.35 samples at

room temperature.
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relaxation effects. These results thus allow one to
conclude that the x ¼ 0:60 sample is F and
presents dynamics attributed to SP cluster effects,
probably to a RSP, as was detected for Fe-rich
samples with 40 at% Al [13].

Fig. 3 shows the hysteresis cycles obtained at
300K for all the samples using a maximum field of
0.65 T. It can be noted that samples with xp0.45
present low-magnetization values (E1 emu/g)
and do not present saturation magnetization
at 0.6 T, while those with xX0:50 present high-
magnetization values and saturation magnetiza-
tion, 39 emu/g for x ¼ 0:50 increasing with the Fe
content up to 132 emu/gm for x ¼ 0:65. These
results, in agreement with the Mössbauer experi-
ments at 300K, show the P and F characters of the
first and second group of samples, respectively.
The coercive field increases from about 59Oe up to
108Oe for x ¼ 0:50 and x ¼ 0:65, respectively.

Fig. 4 shows the real and imaginary parts of the
AC susceptibility versus temperature for all the
studied samples. It can be noted in the real part
that the x ¼ 0:25 and 0.30 samples present broad
peaks which are well resolved in two peaks in the
imaginary parts. These two peaks are located at 42
and 129K, 31 and 64K, 36 and 56K, for x ¼ 0:25,
0.30 and 0.35, respectively. In the case of x ¼ 0:40,
the curve shows only one peak at 37K. For the
x ¼ 0:50 sample the real part of the susceptibility
curve shows a plateau which is approximately
constant between nearly 40 and 220K. However,
the imaginary part shows a peak at 35K and a
large increase at nearly 220K. The real part of the
x ¼ 0:55 sample continuously increases when the
temperature increases, with changes of curvature
nearly at 30 and 230K. The imaginary part of the
susceptibility confirms a peak at 26K. Finally, the
real part of the susceptibility for the x ¼ 0:60
sample presents also a continuous increase with a
change of curvature at 22K which is confirmed by
the peak at this temperature showed by its
imaginary curve. The low-temperature peaks of
the curves can be attributed to a SG transition, as
shown in Fig. 5. Here, it is seen that the
dependence of the peak position with the fre-
quency for the x ¼ 0:35 sample and this peak
presents a little shift to higher temperatures when
the frequency increases. The high-temperature
peaks detected at 129 and 64K for the x ¼ 0:25
and 0.30 samples can be attributed to an AF to P
transition in agreement with their high Mn
contents and previous results for samples near
this composition [12,13]. In this way the SG
transition for these samples are of the RSG-AF
type and those of the x ¼ 0:35 and 0.40 samples
are of pure SG type. According to the imaginary
part of the AC susceptibility curve for the x ¼ 0:35
samples and the previous discussion, one can
conclude that for this sample the AF and SG
transition temperatures are nearly coincident at
40K. The high-temperature transitions detected
near 220 and 230K obtained for the x ¼ 0:50 and
0.55 samples, respectively, are associated to the
blocking temperature of a SP behavior. As shown
by Mössbauer results, these samples and that of
x ¼ 0:60 are ferromagnetic at RT and this explains
why their susceptibility curves always increase
when the temperature increases. In this way, the
SG transition detected at low temperatures for
these three samples are of the RSG-F type.
The different magnetic phases in the FeMnAl

alloys are due to both their atomic disordered
character of the samples, originating from the heat
treatment applied during their preparation, and to
the competitive and diluted interactions induced
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by the presence of Fe, Mn, and Al atoms. Thus,
large Fe contents stabilize the F phase while low
Fe contents (high Mn) stabilize the AF phase.
However, intermediate Fe contents produce com-
petitive interactions stabilizing the SG phase.
Finally, large Fe contents combined to the
disordered character yield Fe-rich SP clusters
separated by Al-rich grain boundaries.
The different results allow a magnetic phase

diagram to be established in the case of FeMnAl
alloys. From Fig. 6, one clearly observes an
obvious P phase at high temperature, AF at
intermediate temperatures (dots) and RSG for
low temperatures for low Fe contents (squares).
For intermediate Fe contents, only SG behavior is
found at low temperatures, while for high Fe
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contents the phases are P at high temperature, F
above about 220K, SP (triangles) at intermediate
temperature (below about 220K) and RSG at low
temperature (squares). It is finally important to
emphasize that the limit between the F and SP
regions with the P phase (dashed line) is proposed
not on the basis of experimental but by analogy to
that experimentally obtained for the 40 at% Al
series [13].
4. Theoretical model

For this system the proposed model is a diluted
and random-site Ising model recalling that the
alloys are disordered and that the Al behaves as a
magnetic hole, and the Fe and Mn as ferromag-
netic and antiferromagnetic, respectively. Then,
the proposed Hamiltonian for this ternary mag-
netic system is based on an Ising model, defined by

H ¼
X
hi;ji

kijsisj, (1)

where kij is the reduced exchange interaction kij ¼

Jij=kBT with Jij being the corresponding exchange
interaction between spins at site i and j, si ¼ �1,
and /i,jS states that the sum runs over nearest
neighbors. For this ternary disordered system the
corresponding site probability distribution is
given by

Pðai; �iÞ ¼ pdðaiÞdð�i � 1Þ þ xdðai � 1Þdð�iÞ

þ qdðaiÞdð�iÞ, ð2Þ

where d(ai) is the Dirac delta function and the
probability of finding an atom of type a, b or c in
the lattice site i is p, x and q, respectively, with

pþ xþ q ¼ 1, (3)

and ai ¼ 1, 0 depending whether site i is occupied
or not, respectively, by an atom type a and �i ¼ 1,
0 depending whether site i is occupied or not,
respectively, by an atom type b.
The exchange interaction value kij depends on

the type of atoms located at sites i and j, the atom
of the site c is taken as a dilute magnetic site, thus
kac ¼ kca ¼ kbc ¼ kcb ¼ kcc ¼ 0. So for all possible
configurations the exchange interaction can be
written

kij ¼ ð1� aiÞ�ið1� ajÞ�jkaa þ ð1� aiÞ�iajð1� �jÞkab

þ aið1� �iÞð1� ajÞ�jkba

þ aið1� �iÞajð1� �jÞkbb. ð4Þ

The interactions between different atoms are
independent of their positions, allowing to assume
kab ¼ kba. For calculating the critical properties of
the system we use the MFRG method [18]
considering the simplest choice for clusters,
namely, one- and two-spin clusters.
5. Theoretical results and discussion

Taking into account the previous experimental
results it is possible to obtain theoretically the
transitions lines between F–P or AF–P and SG–P
by the MFRG method and fitting the exchange
interactions.
For the one-spin cluster the Hamiltonian is

given by

H1 ¼ �
Xz

i¼1

K1is1bi (5)
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for-two-spin cluster it is

H2 ¼ �K12s1s2 �
Xz�1
i¼1

K1is1b1i �
Xz�1
j¼2

K2js2b2j,

(6)

where z is the coordination number of the lattice
and bi and bmi (m ¼ 1; 2) are the effective fields
acting on the boundary of the respective cluster.
Following the MFRG method it is possible to
obtain the magnetization and the Edwards–An-
derson SG order parameter for each block. The
obtained results after equaling the order para-
meters for one and two-spin blocks, respectively
(the recurrence equations for MFRG [18]), are
resumed in the following equation:

B ¼
1 Ferro;

2 SpGl;

(

½z� 1� ð p x Þ
1þ p tanhBðKaaÞ x tanhBðKabÞ

p tanhBðKbaÞ 1þ x tanhBðKbbÞ

 !

KB
aa KB

ab

KB
ba KB

bb

 !
p

x

 !
¼ zð p x Þ

KB
aa KB

ab

KB
ba KB

bb

 !
p

x

 !

ð7Þ

with x ¼ 1, 2 for the F(AF) to P transition, and SG
to P transition, respectively. It can be seen that if
we take kijo0 the SG to antiferromagnetic
transition is obtained.

Eq. (5) recovers the results already obtained in
previous MFRG studies (with the same cluster
sizes) reported in Refs. [18,19]. Using this equation
with x ¼ 1 and kijo0, in order to obtain the AF–P
transition curve, the best fit with the experimental
data was obtained using the exchange interactions
given by JFeFe ¼ 2:433meV, JFeMn ¼ �2:588meV
and JMnMn ¼ �2:800meV. Otherwise, using x ¼ 2
in order to obtain the SG–P transition curve the
best fit was obtained using the exchange interac-
tions JFeFe ¼ 0:8999meV, JFeMn ¼ �1:6502meV
and JMnMn ¼ �1:9339meV. From these results it
can be noted that the Fe moments are ferromag-
netically coupled, while the Mn moments present
an antiferromagnetic interaction between them
and with the Fe atoms. Also it is possible to check
that the AF interactions are more intensive in the
Mn-rich regions with more atoms and less
intensive in the Fe-rich regions. Indeed, in this
region dominant F interactions compared to AF
interactions favor the competition, stabilizing thus
the SG phase. If we compare the present exchange
interactions obtained values with those reported
for FexMn0.7�xAl0.3 alloys and with Fe1�xAlx
alloys (xp0:3) [10,26], it can be concluded that
the present ones are lower and this is a conse-
quence of the higher Al content (35 at%) which
dilates the lattice, and consequently decreases the
interactions in this way.
Fig. 6 shows the comparison of the experimental

(symbols) and the calculated theoretical phase
diagram (continuous lines). Good agreement was
obtained for the AF–P, AF–SG and P–SG lines.
More experiments are now in progress in order to
prove the proposed dashed lines for the transitions
in the Fe iron-rich side of the magnetic phase
diagram, including transitions between F, P, SG
and SP phases.
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