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Abstract

A model for the description of atomic and magnetic ordering in Ni — Mn — Al shape memory alloys is presented. The
energetic parameters for the chemical and magnetic interactions are estimated from fitting to experimental data. Monte
Carlo simulations based on this model correctly reproduce the critical B2 <+ L2; ordering temperatures as a function of
composition for three pseudobinary composition lines, as well as the nature of the low temperature magnetic transition.
A ferromagnetic configuration is predicted for alloys in the stable L2; structure, whereas an antiferromagnetic state is
obtained for metastably retained B2 order; this is in agreement with experimental observations. It is found that atomic
ordering is mainly governed by Ni — Al interactions, and that the formation of B2 order can delay stabilization at low
temperatures of the L2; configuration; the magnetic type of ordering depends on the Mn — Mn distance.

1 Introduction

Ternary Ni — Mn — Al alloys, as other Ni — Mn based
alloys, display interesting shape memory and magnetic prop-
erties. Shape memory properties are connected with a
martensitic transformation that takes place from a high tem-
perature ordered bce (austenite) structure to a low tem-
perature phase (martensite) with a complex stacking se-
quence. This transformation is diffusionless and related to
several phenomena (pseudoelasticity, shape memory effect,
etc) with technological applications. The range of composi-
tions of interest is around NipoMnAl, although the marten-
sitic transformation occurs for off-stoichiometric compounds
[1-3]. The magnetic properties are determined by the atomic
configuration (order) in the austenite phase: at the tem-
peratures of interest, this can be either B2 (bec with order
in nearest neighbours) or L2; (bcc ordered in nearest and
next-nearest neighbours). If the atomic distribution is B2,
the alloy magnetically orders to an antiferromagnetic (afm)
state, whereas if the atomic order is L2, it results in a fer-
romagnetic (fm) configuration [1, 4].

The type and degree of atomic ordering depend, in turn,
on temperature and composition, being the B2 configuration
stable at high temperatures and transforming to L2; upon
cooling. Kainuma et al.[1] determined the critical tempera-
tures for the L2; — B2 transition for alloys with different
compositions around stoichiometric NioMnAl. In all the
range of interest (cn; ~ 50 — 57at.%, ca; ~ 20 — 30at.%,
Cyvn =~ 18 — 25at.%), the measured Tpo, g2 was between
~ 730—800K. It has been shown that the thermal treatment
directly influences the temperature of the magnetic transi-
tion and the martensitic transformation [5]. For instance,
the M, temperature of martensitic transformation dimin-
ishes as the alloy is aged below the ordering temperature;

this has been explained as due to the stabilization of the par-
ent phase on ordering [6, 7]. Despite long term annealing
below the ordering temperature, an homogeneous L2; phase
cannot be obtained, since a fraction of the B2 phase remains
present [2] [8]. Then a mixed fm — L2; and afm — B2 state
occurs, with close-lying Curie and Néel temperatures [3]. As
has been proposed, the combination of films with different
magnetic phases (fm-afm or afm-pm) can produce nega-
tive magnetorresistance effect [9].

With regards to the magnetic properties, Ziebeck and
Webster [10] measured by means of X-rays and neutron
diffraction the stoichiometric alloy Nio MnAl. After quench-
ing, a B2 superlattice was detected: the magnetic configura-
tion was defined as an antiferromagnetic cone spiral, where
the collinear components are coupled ferromagnetically in
(11 1) sheets with antiferromagnetic coupling between adja-
cent planes. Morito et al. [4] obtained the Néel temperatures
(Tn) for alloys with fixed 50 at. %Ni and order B2 retained
by quenching. These Ty ‘s are =~ 290 — 300K and almost
independent of composition. They also found that, in some
compositions, the appearance of the L2 phase suppress the
martensitic transformation. This result highlights the rele-
vance of atomic ordering in connection with potential shape
memory applications. Acet et al. [2] studied the magnetic
properties of stoichiometric NioMnAl in B2 and L2, phases
by means of X-ray diffraction, magnetization, magnetic sus-
ceptibility and specific heat measurements, and found evi-
dence of the ferromagnetic character of the L2, phase. They
concluded that the magnetic coupling is essentially governed
by the Mn— Mn distance: at larger distances (as in the L2,
configuration) the coupling is ferromagnetic, and at smaller
distances it tends to be antiferromagnetic. These authors
found also that the B2 phase can be readily retained as a
metastable state at room temperature, and that the devel-



opment of the thermodynamically more favorable L2, phase
is hindered by kinetics.

Several works have applied first-principles calculations to
study the magnetic properties of the austenitic phase: Enko-
vaara et al. [11] studied L2; — NigMnAl using both LDA
and GGA methods, finding the magnetization planes, de-
termining that the magnetic moments are localized in man-
ganese atoms and estimating the Curie temperature. The
line of compositions NigMn,Als_, (0 < z < 2) was studied
by Biisguen et al. [12], using GGA method with ultrasoft
pseudopotentials and allowing tetragonal distortion to the
structures. It has been found that, depending on manganese
concentration, the most stable configuration could be ferro-
magnetic or antiferromagnetic. For low z the Mn atoms
place mutually as third neighbours, and the leading inter-
action is of the ferromagnetic type, whereas for Mn con-
tents higher than around 28 at.% (x ~ 1.125) the ground
state is antiferromagnetic. Yang et al. [13] studied the
full-Heusler L2 phase in NisMnAl and showed the rele-
vance of the magnetic moments on stabilizing this structure
against tetragonal distortions. Galanakis and Sagioglu [14]
employed a full-potential ab-initio approach and studied a
simple model to estimate the magnetic exchange energies for
the B2 and L2; structures. These authors confirmed that
the distance among Mn atoms determine the particular type
of ground state magnetic structure (ferro- or antiferromag-
netic). Simon et al. [15] studied the magnetic properties
of stoichiometric NioMnAl with different degrees of long-
range chemical order by ab-initio methods, using the single-
site coherent potential approximation (CPA) to study the
disordered cases. Besides, these authors study the evolution
of magnetism at finite temperatures using Monte Carlo sim-
ulations, assuming that the atomic configuration remains
fixed.

As can be seen from the list above, most theoretical stud-
ies in this alloy system have been restricted to the stoichio-
metric NigMnAl alloy, and thermal effects are usually dis-
regarded. The aim of the present work is the development
of a relatively simple model that allows accounting for off-
stoichiometric effects, thermal disorder, and that includes
the interplay between the atomic and magnetic degrees of
freedom. To this end, we implemented a model based on
Monte Carlo (MC) simulations that accounts for simultane-
ous evolution of the type and degree of atomic and magnetic
order. A Blume-Emery-Griffiths Hamiltonian is employed
to describe the energetics of the atomic configuration and
an Ising model is used to account for the magnetic degrees
of freedom. The chemical energetic parameters were deter-
mined by fitting to the experimentally reported atomic or-
dering temperatures and the exchange energy for magnetic
interactions were obtained by the mean field theory, consid-
ering that the magnetic moments are localized in the man-
ganese atoms [16]. The model is able to reproduce the ex-
perimentally observed nature of atomic and magnetic phases
(B2—, L2;—, —pm, —fm, —afm) and the transition tem-
peratures.

The outline of the work is presented as follows: in sec-
tion 2 the MC implementation is described and the relevant
order parameters are defined. In section 3 the results are

presented: first, a set of energetic interactions that allows
reproduction of different experimental observations are pro-
posed, three pseudobinary lines of the phase diagram are
calculated and the thermal evolution of the ordering is dis-
cussed. Conclusions are summarized in section 4.

2 Methodology

Monte Carlo simulations of the atomic ordering were per-
formed in the canonical ensemble. The crystal was simulated
in a virtual bee cell with periodic boundary conditions. To
every site ¢ of the lattice, two pseudo-spin variables are as-
signed: o;, which describes the atomic species, and S;, de-
scribing the magnetic state. The variable o; takes any of
the three values +1,0,—1, corresponding to Ni, Mn, and
Al atoms, respectively. The variable S; can take the values
41,0, —1 and are associated to magnetic moment pointing
upwards, no magnetic moment, or magnetic moment point-
ing downwards, respectively. The non-zero magnetic mo-
ments have been assigned to Mn atoms (S; = £1), whereas
Ni and Al do not contribute to magnetism (S; = 0). Atomic
(magnetic) ordering proceeded by direct interchange of near-
est neighbours atoms (spin fliping) using the Metropolis cri-
terion [17], as detailed in [18].

The overall Hamiltonian is expressed as the sum of mag-
netic and chemical (or configurational) terms H = Hepem +
Hm,agn-

The chemical energy of the system is obtained by a Blume-
Emery-Griffiths Hamiltonian [19] extended up to second
neighbours [20, 21|

7'[chem = Hg}z)em + Hz(:i)em
where
Hegoen = Ji( Y 010 +Ki( Y 0707)+Li( Y (o 0;+0i07))
<ij> <ij> <>

(1)
here kK = 1,2 refers to the coordination sphere, such that
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These interchange energies are defined in terms of the in-
teraction potential VX}) as Wf"g = —2Vf(1]]€3) + VXX + VB@
and are the key quantities to define the ordering tendency
between the different atomic species that constitute the al-
loy. For WX});
pairs placed as k-th neighbours, whereas WX}) < 0 indicates
tendency to clustering [22, 23].

> 0 there is an ordering tendency for A — B



The magnetic Hamiltonian is represented by the Ising
model

Homagn = »_ > JnSiS;
s (i)

where J7, is the magnetic coupling between the magnetic
atoms placed as s-th neighbours. If all the interaction en-
ergies are negative, they lead to the ferromagnetic order.
In the case of energies that are not all negative, the mag-
netic ordering depends on the ratio between the energies as
a function of the coordination sphere [24, 25].

One of the aims of the present work is the determination
of a set of energetic parameters (the chemical interchange

energies Wé’g and the magnetic coupling constants JM).
The first quantities were determined by means of succes-
sive approximations to the available experimental data con-
cerning chemical order-disorder temperatures. Besides, the
magnetic exchange energies were calculated employing mean
field theory. Whereas the chemical interactions are assumed
to be restricted to first and second neighbours, a suitable de-
scription of the magnetic phenomena required the inclusion
of up to third neighbours interactions.

To quantify the degree of atomic order, the general bcc
lattice is subdivided into four interpenetrating fcc sublat-
tices, labeled I — IV in Figure 1. Long range ordering (iro)
structures are defined by means of the probabilities p% of
an atom of type A occupying the k — th sublattice. For in-
stance, in the long range disordered configuration (A2) it is
p’j‘ = ca,Vk. In the B2 state there is ordering in nearest
neighbours (nn), and p4 = p{ # pi! = plV. The L2; con-
figuration is ordered in first and second neighbours (nnn):
ply = plf # pll! # plV. These probabilities are not all in-
dependent, and a simpler description can be done through
the following six independent parameters [20, 23]:

_ phtpd —pi Pl
rpA =

4
T II
_ DA — P4
Yya = —2
il
ZA = T

with A any two of the atomic species. The parameter 4
measures ordering in nn (x4 = 0 in A2 phase, x4 # 0 for
B2 or L2y), whereas z4 (or y4) is a measure of the ordering
in nnn: z4 = 0 for A2 and B2, z4 # 0 in the L2; phase.

Although above the order—disorder transition tempera-
ture the long range order disappears, some correlation in the
occupation of nearby sites could persist. This short range
order (sro) is disregarded in mean field approaches such as
the Bragg-Williams-Gorski (BWG) method, and treated in
an approximated way in higher approximations of the clus-
ter variation method [26]. One advantage of MC simulations
is that it treats the sro correlations, in principle, exactly. In
order to quantify the degree of sro, we have counted the total
number of atomic pairs for first, second and third neighbors
and then divided by the total number of atoms.

Figure 1: Four interpenetrating fcc sublattices that form
a bee-type structure.

Since we will deal with alloys with magnetic properties,
magnetization will be defined by means of the global pa-
rameter m = py — py, or the sublattice magnetizations
m= p’{ —p’f, withk =1,..., IV, being p’;(i) the probability of
a magnetic moment being oriented upwards or downwards,
respectively.

3 Results

3.1 Determination of atomic interchange
energies, ordering temperatures

Simulations of heating runs with a temperature step
AT = 10K were performed on lattices containing 2 - 323
sites. For the evaluation of the energy and subsequent pro-
posal of exchange of positions, the sites had been chosen at
random; when the number of proposal is equal to lattice size,
a MC step is made. In order to reach thermal equilibrium,
500000 MC steps were performed at each temperature.

The initial state was chosen as an L2; configuration with
the maximum degree of order compatible with the composi-
tion. The numerical values for the six chemical interchange
energies WXE, have been determined by fitting to the experi-
mental order-disorder temperatures reported by Kainuma et
al. [1]. These authors measured the critical ordering tem-
peratures Tr9, . po for compositions around stoichiometric
Nig AlMn, and grouped them into three lines for a better
description: line A corresponds to fixed 50at.% N4, line B to
fixed 25at.%Mmn, and line C to 25at.%Al, with cy; > 50%
in all the cases.

The interchange energies have been determined by a
method of successive approximations, taking as starting
point the mean field (Bragg-Williams-Gorski, BWG) esti-
mates obtained in [1].

It is known [22, 27, 28] that the interchange energies ob-
tained by fitting to experimental order-disorder tempera-
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Figure 2: Experimental and calculated critical temperatures of ordering T, , 2, Curie temperature T when L2; is
present and Neel temperature Ty when the alloy has B2 structure.

Pair Wxglgg Wxgzg
Ni-Al | 3130 (2600) | 620 (465)
Ni-Mn | 745 (600) 70 (0)
Al-Mn | 1250 (1014) | 575 (519)

Table 1: Set of chemical energies obtained in this work.
For comparison, in parentheses are the BWG values [1].

tures using the BWG analytical expressions are underesti-
mations of the values that will reproduce the same critical
temperatures within higher hierarchies in the Cluster Varia-
tion Method [26]. In fact, when using the BWG values from
[1] for the present system within the MC simulations, the
predicted critical temperatures were lower than the experi-
mental values.

Thus, a readjustment of the interchange energies was per-
formed, varying their values until a satisfactory agreement
with the experimental 179, _,p2 was achieved. The con-
verged values are listed in table 1. These values are about
20% higher than the values proposed by [1]. The dominant
contribution for the ordering arise from the Ni — Al pairs
interaction in first-neighbours, which have a strong ordering
tendency. Similar results were obtained in other ternary al-
loy systems, such as Cu— Al— Ni [29-32] where the strongest
contribution to order stems from first neighbours Ni — Al
pairs.

i

In Fig. 2 the calculated order-disorder temperatures are
compared with the experimental results [1] for the three dif-
ferent composition lines. A general good agreement with
the experimental data is obtained, with the critical temper-
atures being in the range between 700 and 800K. For the
line with 50% at. Ni (left panel in Fig. 2), a decrease of
Tpocsr2, with the Mn content is predicted, in agreement
with the experimental results. For the line with fixed 25%
at. Mn, Tposro, is correctly predicted to increase with
the Al content, but there is a decrease near the composi-
tion NigMnAl. This effect is, also, observable in the line
with fixed 256% at. Al, where the higher transition tem-
perature ocurrs near 22% at. Mn. The interaction of the
second neighbors Ni — Al is slightly higher than Al — Mn
in the same coordination sphere, which could explain this
phenomenon.

Moreover, we have performed simulations up to a tem-
perature of 1600 K and the B2 — A2 transition has not
been observed. This fact coincides with what was observed
experimentally, where the alloys show B2 order up to the
melting temperature [1].

In Fig. 3 the thermal evolution of the lro and sro pa-
rameters for stoichiometric NioMnAl is shown. The pa-
rameter |zyrp| is non-zero and almost constant (~ 0.25) in
all the range of studied temperatures (red line); this shows
that the Mn atoms remains located, mostly, in sublattices
II1/IV. Counsistently, |ypm| = 0 (black line). The long
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Figure 3: Thermal evolution of long and short range
order parameters of manganese atoms for stoichiometric

NigMnAl.

range order-disorder transition can be appreciated in the
variation of the parameter |z, | (blue line in Fig. 3), which
vanish at 7" ~ 800K . The variations in the order parame-
ters are consistent with a L2; — B2 order transition [22].
In Fig. 3, the sro correlations between Mn — Mn pairs lo-
cated as 2—nd and 3—rd neighbours are also shown. As can
be seen, below the critical ordering temperature, the num-
ber of second neighbours Mn — Mn pairs is zero, increasing
to a non-zero value near Tz, ,p2. On the other hand, the
number of Mn — Mn pairs as 3rd neighbours displays an
opposite behaviour. This variation in the number of 2nd
and 3rd neighbours Mn — Mn pairs could be related with
different magnetic properties. Therefore the model predicts
that, by quenching at different temperatures, it is possible
to obtain different ratios of Mn — Mn pairs in second and
third neighbours. This leads to changes in the magnetic
behaviour, which will be discussed in the next subsection.

Three snapshots representing the thermal evolution of
atomic ordering in Nis MnAl are shown in Fig. 4. The fig-
ures represent two consecutive { 1 0 0 } planes of a square
section of ten lattice parameters side. The Subfig. 4a corre-
sponds to the initial structure equilibrated at T' = 250K as
can be seen, the ordering is not modified by thermal effects
and the structure has a perfect L2; order. In Subfig. 4b
the equilibrium configuration at 7" = 750K is shown: this
temperature is ~ 50K below Tr9,.p2. The structure has
L2, long-range order, but the sro has been modified, with
several Mn and Al atoms occupying antisite positions in
sublattices IIT and IV, respectively; in rectangles we high-
light regions where the sro L2 is retained. Finally, in Sub-
fig. 4c, the equilibrium configuration obtained ~ 50K above
the transition temperature is displayed; L2, — lro is broken
and now Mn and Al occupy sublattices 111 and IV in a

almost random distribution, although some sro correlations
still persist.

3.2 Determination of magnetic interac-
tions, critical magnetic temperatures

An estimation of the magnetic interactions to be employed
in the simulations was obtained by the mean field theory, ad-
justing to the experimental values of the magnetic critical
temperatures. Even without determining the critical behav-
ior exactly, this method allows qualitative estimation of the
magnetic interactions. The expression for critical tempera-
ture T, (Tv Néel or T Curie) is given by [33, 34]

D DL G D RC)
P

where kp is the Boltzmann’s constant, S the magnetic
moment, and W2 the magnetic exchange integral; the sum-
mation is performed over the successive (p) neighbours
spheres. The variables ng and zgi are the number of par-
allel and anti-parallel p — th neighbours magnetic moments,
respectively. For the sake of simplicity, we have considered
the exchange energy as J2 = W};@.

Thus, values of J2, and J3, have been obtained by apply-
ing eq. 2 to available experimental results for different com-
positions [4, 28] and averaging over them. It should be noted
that for perfect L2;-fm order there are 12 3rd-neighbours
with parallel moments. For the B2-afm configuration it has
been considered that there are 4 antiparallel and 2 parallel
2nd-neighbors, since first-principles results have shown that
this type of structure is energetically more stable than other
possible polarization of the planes [11, 15]. Because the mag-
netic interaction is restricted only to manganese atoms and
in both the B2 and L2 orders there is no first neighbour
interaction between the Mn — Mn pairs, J}, is considered
null without affecting the results.

The values obtained for the energies are

J2 =12384kp  J3 = —27.86kp

that were used as parameters for MC simulations of the
magnetic behaviour. These values are greater than those
obtained by Simon et al [15].

In this case, the simulations were performed starting from
four different initial states, namely: maximum L2; order
compatible with composition; the equilibrium states 50 K
below and 50 K above the order-disorder temperature; and
the equilibrium state at 1400 K, which corresponds to a
well defined B2 structure. Simultaneous evolution of the
atomic configuration and magnetic state was allowed. How-
ever, since the magnetic critical temperatures of interest are
well below the [ro critical temperatures, the atomic distri-
bution remains almost unchanged whilst the magnetic state
evolves. The evolution of chemical and magnetic order pa-
rameters for NisoMnogAlss in a heating simulation is shown
in Fig. 5. In this case, the initial structure has order L2; and
it is observed that the chemical parameters only show vari-
ations relatively close to the order transition temperature
(around ~ 770 K) while the total magnetization vanishes at



O...O...O...O...O. ® .O...O. .0.0. ...O.........
R R XN ee2e%et R RN RRX
.2.;.2.;.2.3.2.;.2. . .O.o...i.;.g.g.;.g.
® 00 00 00 000 @ ® 00 0 0 0
.O...O...O...O...O. .O ..O.....0.0.
...O...O...O...O... .. ....O.......
R N R o 2e%ee’e’e%
@ O. ..O. .. O. ..O. .. O. @ ® 0.0. .... .. O.
® 0 00 00 00 00 ® o 0 0 0

(a) Initially ordered lattice, when L2; (b) Thermalized lattice at = 750 K, 50 (c) Thermalized lattice at T' = 850 K, 50

order is perfect. K below of phase transition. Iro order is K above of phase transition. There is a B2
L21, but some aluminium and manganese order, aluminium and manganese atoms
atom swap positions. are randomly placed.

Figure 4: Snapshot at different temperatures of first layers in zy direction. Blue spheres represent nickel atoms, red
spheres manganese atoms and grey spheres aluminium atoms.

a temperature of 370 K. Given the difference between the mum for Nio MnAl; when 25% manganese is exceeded, sub-
absolute values of the chemical and magnetic exchange en- lattice III begins to fill with manganese atoms and the Curie
ergies, no influence of the magnetic energies on the chemical temperature decreases. For B2 order, the Néel tempera-
transition temperature has been detected. ture increases linearly with manganese content, unlike what

was observed in the experiment [4]. In the Niz5_, MnosAl,
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in the B2 state are predicted. The overall results indicate Figure 6: Evolution of magnetic order with temperature
that this model underestimates fm — pm transition tem- for alloy with composition NisoMnapAlog with different
peratures with respect to the experimental ones and over- chemical ordering: quasi-perfect L2; and B2 order.
estimates the temperature of transitions afm — pm. In line

NisoMngAlsg—,, when L2 is present, for low manganese

content the Curie temperature is low and reaches its maxi- The thermal variation of magnetization for an alloy



NisoMmnoo Alog with different types of Iro is displayed in
Fig. 6. For an L2, configuration, a pm — fm transition is
observed at To ~ 270K ; the net magnetization is labeled as
Magn— L21 in the figure. For a B2 atomic state, the transi-
tion is pm —afm at a Néel temperature Ty ~ 310K; the net
and sublattice magnetizations are denoted as Magn — B2
and Magn — Sublattice;, respectively. For L2; structure,
there is a ferro- to paramagnetic transition at 7o ~ 270 K
was found. In the other hand, for quenched B2 there is a
para- to antiferromagnetic transition, with a Néel temper-
ature Ty ~ 310 K. The effect of the difference of intensity
of the second-neighbours and third-neighbours exchange en-
ergies can be seen in the fluctuations of the order param-
eters, added in the graphic like error bars; when the order
is B2, the average magnetization per sublattice shows no
fluctuations. On the other hand, when the order is L2;, the
fluctuations are greater.

4 Conclusions

In this work, a simple model based on Monte Carlo simu-
lations for the description of atomic and magnetic ordering
in ternary bee-derived Ni — Mn — Al alloys is implemented.
The model allows simultaneous study of the configurational
and magnetic degrees of freedom. A set of interchange ener-
gies in first and second neighbours for the description of
atomic ordering is proposed: with this energies, a good
agreement with the measured order-disorder temperatures
T12,-s B2 has been obtained, for alloys along three compo-
sition lines around NisMnAl. The present results indicate
that the atomic ordering is strongly dominated by the at-
traction between Ni and Al pairs in nearest neighbours co-
ordination. This could explain the difficulty for the devel-
opment of the L2; phase from a metastable B2 matrix, as
also found experimentally [2]: provided that the ordering in
second neighbours requires transitory breaking of some first
neighbours pairs, the high attraction between Ni— Al could
hinder the ordering in first and second neighbours.

In addition, the magnetic ordering has been simulated.
Estimation of the magnetic exchange energies have been ob-
tained by adjusting mean field expressions to experimental
Curie and Néel temperatures, assuming that the only contri-
bution is due to magnetic moments of the Mn atoms. In this
way, the correct low-temperature magnetic configuration is
reproduced: ferromagnetic state for L2; order, and antifer-
romagnetic state for the B2 phase. The obtained Curie or
Néel critical temperatures agree qualitatively with the ex-
perimental ones in regions close to the stoichiometric com-
position NioMnAl but they vary strongly with the amount
of manganese. This result implies that the interaction is not
so simple in this family of alloys and more complex meth-
ods must be employed. Moreover, it has also been studied
how the magnetic transition temperature is modified when
the short-range order is partially modified due to quenching.
The general results show that, with a quenching of 50 K be-
low the order transition temperature, the Curie temperature
decreases around 20 K for all compositions and, when the
quenching is above this transition, the Néel temperature is

not affected.
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