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The effect of atomic disorder, dilution, and competing interactions upon the magnetic properties of
a-FeMnAl alloys with different stoichiometries is addressed by means of the Monte Carlo method. Magneti-
zation per site, specific heat, and magnetic susceptibility were computed as a function of temperature on the
basis of a Metropolis dynamics, from which critical exponents were estimated. Simulation was carried out in
the frame of a random site-diluted three-dimensional Ising model with nearest-neighbor interactions, where
Fe-Fe ferromagnetic and Fe-Mn, Mn-Mn antiferromagnetic interactions, as well as the Al dilutor effect, were
taken into account. Results, which are summarized in a magnetic phase diagram, reveal the occurrence of
several phases including reentrant and pure spin-glass behaviors below around 11 K, and a ferromagnetic to
paramagnetic phase transition at temperatures between 100 K and 400 K. Finally, critical exponents, which are
consistent with Harris criterion, are also compared to those obtained in other 3D random Ising models.

DOI: 10.1103/PhysRevB.71.064406 PACS numberssd: 75.50.Bb, 75.50.Lk, 75.40.Mg

I. INTRODUCTION

The effect of atomic disorder upon the magnetic proper-
ties and critical behavior of intermetallic crystalline com-
pounds has been a topic of debate and long standing interest
during the last decades. First, magnetic phase diagrams are
strongly influenced by the degree of atomic ordering, i.e.,
they can be modified depending on the sample preparation
method as it has been already reported to occur in FeAl
sRefs. 1–4d and FeMnAl alloys.5,6 Hence, experimental tech-
niques like mechanical alloying and quenching after high-
temperature treatments in arc-melted alloys, provide the
mechanism for introducing atomic disorder.5 Second, the ex-
istence of competing interactions and dilutionsbelow or
above the percolation thresholdd increases the degree of com-
plexity from which a wide variety of magnetic phases can be
found. In a recent paper devoted toa-FeMnAl alloys7 the
temperature dependence of the mean hyperfine fieldBhf from
Mössbauer data for Fe0.5Mn0.1Al0.4 reveal a well-
distinguishable low-temperature region below 30 K, where
the system exhibits a kink characterized by a sharp increase
of Bhf from 10 T up to 14 T as the temperature decreases.
Such behavior was ascribed to a reentrant spin-glasssRSGd
state within a ferromagnetic matrix arising from the interplay
between ferromagnetic Fe-Fe bonds, antiferromagnetic
Fe-Mn, Mn-Mn couplings, and to the dilution effect pro-
vided by Al atoms in a Fe-rich environment. It is particularly
the interesting fact that with a relative small amount of Mn,
just 10 at. %, and consequently a relative small density of
antiferromagnetic bonds leading to competition, a RSG be-
havior can be evidenced. On the other hand, as thermal fluc-
tuations become larger by increasing temperature above
30 K, Bhf goes from 10 T down to zero as the critical tem-
peratureTC is reached at around 300 K, taking place a fer-
romagnetic to paramagnetic phase transition. These facts in

addition to the debate about critical exponents of random
Ising systems have motivated us to consider thea-FeMnAl
system as a canonical example of disordered system. First,
atomic site randomness can be easily achieved both compu-
tationally as well as experimentally either by mechanical al-
loying or by quenching after arc melting.5,6 Additionally,
competing interactions responsible for frustration come from
the ferromagnetic and the antiferromagnetic character of
Fe-Fe and Fe-Mn, Mn-Mn couplings, respectively.8–10 This
fact gives rise to an exchange integral disorder which in turn
is enhanced by the magnetically dilutor effect of Al atoms
providing the so-called bond randomness. More important is
perhaps the influence of such a level of disordersatomic,
magnetic, and dilutedd upon the critical exponents, which
remains a subject of much interest. Consequently, in this
work we investigate the effect of dilution via Al as well as
the effect of competing bonds via Mn on the magnetic prop-
erties and critical behavior of quenched-randoma-FeMnAl
alloys. More concretely, we have considered the following
alloys series: Fe0.7−xMnxAl0.3, Fe0.6−xMnxAl0.4, and
Fe0.5−xMnxAl0.5, corresponding to a body-centered-cubic
sbccd structure according to the structural phase diagram.11 A
Monte Carlo-metropolis dynamics and a random site-diluted
three-dimensionals3Dd Ising Hamiltonian with nearest-
neighbors interactions have been considered for addressing
the present study.

The layout of the paper is as follows. In Sec. II we de-
scribe the model, simulation details and observables to be
computed. In Sec. III we present our numerical results. This
section provides the finite-size scaling analysis of the
Fe0.5Mn0.1Al0.4 sample and it shows how the observed mag-
netic behavior is modified depending on stoichiometry ac-
cordingly to the above mentioned series. Results are summa-
rized in a proposal of magnetic phase diagram. Conclusions
are finally presented in Sec. IV.
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II. MODEL

The zero-field random Ising Hamiltonian describing our
system reads as follows:

H = − o
ki,jl

Jij«i« jsis j . s1d

The sum runs over nearest neighbors,si takes on the values
+1, and the«i’s are uncorrelated quenched-random variables
chosen to be 1 or 0 depending on whether theith site is
occupied by a magnetic atomsFe, Mnd or a nonmagnetic one
sAl d, respectively, having a probability distribution given by

Ps«i jd = pds«i j − 1d + xds«i j − 1d + qds«i jd, s2d

wherep, x, andq are the fractional concentrations of Fe, Mn,
and Al, respectively, withp+x+q=1. In contrast to pure sys-
tems, the occurrence of atomic disorder, dilution, and the
presence of different couplingssFe-Fe, Fe-Mn, and
Mn-Mnd having different magnitudes, makes the exchange
integralJij a randomly distributed function, instead of a con-
stant value function of the form

PsJijd = p2dsJij − Jd + x2dsJij + jJd + 2pxdsJij + lJd + qs2

− qddsJijd. s3d

In this expression the coefficientp2, representing a bond den-
sity, gives the probability of having ferromagnetic Fe-Fe
couplings with strengthJ. x2 and 2px are the respective prob-
abilities of antiferromagnetic Mn-Mn and Fe-Mn couplings
with exchange integrals −jJ and −lJ, wherejs<5%d and
ls<3%d are competitive parameters fitted to reproduce ex-
perimental features of these alloys.12 The last coefficient
qs2−qd gives the probability of diluted bonds involving alu-
minum. Additionally, the larger atomic size of Al atoms
gives rise to a remarkable lattice expansion,2,6 from which
the exchange integral becomes a function of aluminum as it
has been described elsewhere.12,13 Numerical values for the
present study were taken from Ref. 12. The choice for Ising
spins allows reproducing a case with strong uniaxial aniso-
tropy while keeping computational efforts within reasonable
limits. This choice is also motivated by the fact we are deal-
ing with a complex system containing three different ele-
ments, two of them are magneticsFe, Mnd with different
couplings, randomly distributed in a bcc lattice, and where
the exchange integral is an Al-driven function of interatomic
spacing. Additionally, different system sizes are also consid-
ered for extrapolation purposes and computation of critical
exponents. Moreover, since we want to stress on the possible
existence of a spin-glass state according to the already de-
scribed characteristics of our system, this should be better
checked with Ising spins for which frustration effects arising
from competition are enhanced.14

For our simulation we have employed a single-spin flip
metropolis Monte Carlo algorithm15,16to studyL3L3L bcc
lattices with periodic boundary conditions and several linear
system sizesL ranging from 5 up to 25 with a total number
of N=23L3 atoms. The employed single-spin flip dynamics
instead of, e.g., a single-cluster update is motivated by the
high degree of dilution in our system where most probably
one can find groups of spins almost completely surrounded

by magnetic holes as a consequence of atomic disorder. In
our case, this role of magnetic holes is played by Al atoms.
Atomic disorder was simulated by considering up to ten dif-
ferent random quenched distributions of Fe, Mn, and Al at-
oms for every considered stoichiometry from which configu-
rational averages over the ensemble ones and computation of
error bars were carried out. Simulated annealing from well
above the Curie temperature down to 1 K was carried out by
starting from a random spin configuration corresponding to
infinite temperature. In computing equilibrium averages, an
average of 104 Monte Carlo steps per spin were considered
after equilibration. The basic thermodynamic quantities of
interest are the total energyE computed from Eq.s1d and the
magnetization per lattice sitem=s1/NdSsi from which the
specific heatc and the magnetic susceptibilityx were com-
puted according to15,16

c = s1/NkBT2dskE2l − kEl2d, s4d

x = sN/kBTdskm2l − kumul2d, s5d

which were in turn averaged over the number of samples,
i.e., the number of random quenched distributions. Magnetic
contributions to the total magnetization per site from Fe and
Mn atoms were analyzed separately by considering
mFe=s1/NdSsFe andmMn=s1/NdSsMn, respectively. Replac-
ing in Eq. s5d m by mFe or mMn the respective contributions
xFe and xMn to the total susceptibility were also computed.
This fact constitutes one of the enormous advantages of the
Monte Carlo method compared to bulk magnetic measure-
ments.

III. RESULTS AND DISCUSSION

Figure 1 shows the temperature dependence of the spe-
cific heat for the Fe0.5Mn0.1Al0.4 sample. A well-defined

FIG. 1. Temperature dependence of the specific heat for
Fe0.5Mn0.1Al0.4. A lambda-type behavior around 300 K is observed
corresponding to a ferromagnetic to paramagnetic transition. Inset
shows the low-temperature behavior consistent with a spin-glass
behavior.
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lambda-type behavior around the Curie temperature ascribed
to a thermal-driven ferromagnetic to paramagnetic phase
transition and a small rounded peak in the low-temperature
regime are observed. The presence of two peaks, one of them
with tendency to diverge, is also endorsed by magnetic sus-
ceptibility data as can be observed in Fig. 2. Hence and from
the location of the maxima of these quantities, denoted by
TCsLd, an extrapolation to the thermodynamic limit was car-
ried out in the frame of finite-size scaling theory15–18 with

TCsLd < TCs`d + aL−1/n. s6d

The best estimate for the Curie temperature was
TCs`d=296±3 K in agreement with Mössbauer results
s,300 Kd for this composition.6,7,12 The extrapolation
procedure is shown in Fig. 3 and it was carried out
employing an effective correlation length exponent
n=0.79±0.03. This exponent was estimated over the range
10−3, uT/TC−1u,10−2 from the maximum values of the
logarithmic derivatives of the magnetizationumu and the
square of the magnetizationm2, following the procedure de-
scribed by Ferrenberg and Landau.17 The log-log plot of the
size dependence of the maximum values of these derivatives
used to determinen is shown in Fig. 4. Our result for the
correlation length exponent agrees with the 0.78±0.01 value
obtained by Hennecke19 for the highly dilute Ising model
with 60% of nonmagnetic sites on the basis of a finite-size
scaling and renormalization analysis of Monte Carlo data. It
also agrees with the 0.77±0.04 value found by Wang and
Chowdhury from a Monte Carlo analysis of the random Ising
model20 with a nonmagnetic sites concentration between
20% and 60%. Similar values have also been found experi-
mentally for some site-random Ising systems. Concretely, for
Mn0.5Zn0.5F2, an exponentn=0.75±0.05 computed from
neutron-scattering experiments has been reported.21 A com-
parable value of 0.73±0.03 was also found by Birgeneauet
al.22 for Fe0.5Zn0.5F2 from neutron-scattering and linear bire-

fringence measurements. Concerning theb exponent, Fig. 5
shows the temperature dependence of the magnetization per
lattice site for the Fe0.5Mn0.1Al0.4 alloy, whereas the inset
shows the log-log plot of the magnetization evaluated at the
extrapolated Curie temperature for differentL values. From
the slope and according to Refs. 15–18

fkumsTCs`ddulg ~ L−b/n, s7d

our best estimate forb is 0.39±0.05, reasonably similar
within the error bars to those values reported by several au-
thors on quenched dilute Ising systems as can be observed in
the works and compilations made recently by Ballesteroset
al.23 and Folket al.24 More concretely, this value agrees with

FIG. 2. Semilog plot of the temperature dependence of the mag-
netic susceptibility for Fe0.5Mn0.1Al0.4. Two peaks are distinguish-
able in agreement with specific-heat results.

FIG. 3. Infinite volume extrapolation of the pseudocritical tem-
peratureTCsLd computed from specific-heat and magnetic suscepti-
bility data.

FIG. 4. Log-log plot of the size dependence of the maximum
values of the logarithmic derivatives of the magnetization and the
square of the magnetization to determinen.
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b=0.385±0.015 for 20% of dilution, obtained by Marroet
al. on Ising models with static site dilution.25 With the ob-
tained values forn and b, the scaling plot of the rescaled
value of the magnetizationmLb/n as a function oftLl/n with
t=sT-TCd /TC is presented in Fig. 6 revealing the collapse
onto a single curve for system sizes greater than ten. Analo-
gously we have computed the critical exponentg of the sus-
ceptibility from the double logarithmic plot of the size de-
pendence of the maximum value of this function as shown in
Fig. 7. From the slope we findg /n=2.00±0.05 yielding the
exponentg=1.58±0.10 larger than most of theg values re-
ported in literature23,24 for the dilute Ising model. Neverthe-

less, our estimate is similar tog=1.52±0.07 reported by
Wang and Chowdhury,20 and 1.522±0.031 for 40% of dilu-
tion as in our sample, found by Wiseman and Domany.26

Regarding the ratiog /n, our estimate agrees well with the
value 2.034±0.031 found by Wiseman and Domany26 and it
is relatively close to renormalization-group calculations for
which g /n=1.97.27,28 The observed fluctuations over the
considered range of temperature on the specific-heat data,
very sensitive to the length of the simulations, make more
difficult to analyze the singular behavior of the specific heat.
Assuming in this case the hyperscaling relationa+dn=2 we
found a=−0.37±0.09, much more negative than most
of those reported in literature23,24 usually between −0.09
and −0.17. However, it agrees with those obtained from
the same hyperscaling relation, namely, −0.34 and −0.31,
in Refs. 19 and 20, respectively. Clearly the obtained
exponents differ markedly from the pure Ising values.
This fact, consistent with Harris argument, suggests therefore
the occurrence of a random Ising behavior. On this respect
it is important to stress that the degree of disorder in
our system is provided not only by the site randomness
over which most of the reported work on random Ising
models focuses on but also by the bond randomness as a
consequence of the distributed character of the exchange
integrals accordingly with Eq.s3d. These features in addition
to the competitive character of the involved couplings
sFe-Fe,Fe-Mn,Mn-Mnd of different magnitudes and differ-
ent sign sJFe-Fe.0,JFe-Mn,0,JMn-Mn,0d, enhance the de-
gree of disorder in the system. This fact could presumably
explain differences among sets of critical exponents since as
is well established a crossover to new critical behavior is
governed by the degree of scattering of the exchange
integrals.22 Regarding the nature of the low-temperature peak
observed in Fig. 1, this is attributed to the presence of Mn
atoms and more specifically to the Fe-Mn and Mn-Mn an-
tiferromagnetic interactions competing with the Fe-Fe ferro-
magnetic ones. Moreover, in agreement with the third law of
thermodynamics, the specific heat linearly tends to zero as

FIG. 5. Total magnetization per lattice site. Symbolsk¯l and
f¯g refer to canonical ensemble and configurational averages, re-
spectively. Inset is a log-log plot of the magnetization evaluated at
the extrapolated Curie temperature.

FIG. 6. Scaling plot of the rescaled absolute value of the mag-
netization mLb/n as a function of tL1/n, with n=0.79 and
TC=296 K. Error bars are of the order of symbol size.

FIG. 7. Log-log plot of the maximum value of the magnetic
susceptibility as a function of the linear system size to determineg.
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the temperature goes to zero. Such a linear dependence
seems to be typical of spin-glass systems.14,29 It is also a
remarkable fact that this low-temperature behavior is evi-
denced with just 10 at. % Mn in agreement with experimen-
tal results5–7 and it is correlated with a reduction in the global
magnetization per site as observed in Fig. 5. In order to get a
better understanding about this low-temperature behavior
and why the low-temperature peak in the specific heat as
well as in the susceptibility can be indeed ascribed to those
antiferromagnetic interactions involving Mn, we show ex-
plicitly the Fe and Mn contributions to the global magneti-
zation per site and to the susceptibility forL=20 in Figs. 8
and 9, respectively. Results reveal clearly a remarkable in-
crease of the absolute value of the contribution due to Mn
atoms in contrast to the Fe magnetization contribution which

remains practically constant. This result implies therefore a
low-temperature additional ordering of Mn spins within the
ferromagnetic matrix. A detailed analysis of this curve, as
can be seen more explicitly in the semi-log plot of Fig. 10 for
different system sizes, shows that the observed Mn magneti-
zation per sites0.08d as temperature goes to zero differs from
that suggested by stoichiometrys0.1d. This fact means that a
fraction of about 20% of Mn magnetic moments tend to be
randomly oriented, some of them presumably becoming frus-
trated as a consequence of the involved competing interac-
tions. In contrast, around 80% of the Mn magnetic moments
are antiferromagnetically coupled to the Fe-rich ferromag-
netic matrix. Since this behavior arises within the ferromag-
netic phase below the Curie temperature, a reentrant spin-
glass behavior is concluded. In this way, the
antiferromagnetic Fe-Mn coupling makes the global magne-
tization to decrease. Such a decrease has been in fact already
reported to occur in Fe0.5Mn0.1Al0.4 alloys by means of su-
perconducting quantum interference device magnetometry
and magnetic susceptibility measurements.6 As the Mn con-
centration increases up to 20 at. % without changing the Al
content, which corresponds to increase the number of anti-
ferromagnetic bonds and therefore the density of competing
bonds, the fraction of Mn moments becoming frustrated in-
creases. This situation is clearly observed in Fig. 11 for the
Fe0.4Mn0.2Al0.4 sample, for which an almost equiatomic dis-
tribution of Mn magnetic moments randomly oriented and
antiferromagnetically coupled to the Fe ferromagnetic matrix
is obtained. It must be stressed that only a fraction of those
Mn magnetic moments randomly oriented must be indeed
frustrated since the presence of small diluted clusters con-
taining a considerable amount of Mn cannot be discarded as
a consequence of atomic disorder. This phenomenology co-
incides with a higher peak of the specific heat in the low-
temperature regime and it becomes progressively more rel-
evant as the Mn content increases. On the other hand as
observed in Fig. 11, the contribution to the magnetization

FIG. 8. Iron and manganese contributions to the total magneti-
zation per site for Fe0.5Mn0.1Al0.4, andL=20.

FIG. 9. Semilog plot of the total susceptibility and its respective
contributions for Fe0.5Mn0.1Al0.4 and L=20. Arrows indicate the
position of critical points.

FIG. 10. Semilog plot of the manganese contribution to the
magnetization as a function of temperature for different linear sys-
tem sizes.
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from iron atoms as the temperature goes to zero, seems to
suggest a very small additional increase of this contribution
attributed to a reduction of thermal fluctuations in a weaker
ferromagnetic matrix, i.e., characterized by a lower density
of ferromagnetic bonds. Figure 12 shows the effect of the
Mn content on the temperature dependence of the specific
heat for the Fe0.6−xMnxAl0.4 series. As is shown in this figure,
Curie temperature is shifted with manganese toward lower
values, attributed to a smaller density of ferromagnetic bonds
and to the increasingly density of antiferromagnetic bonds
for which the Fe-Mn and Mn-Mn couplings are smaller in
magnitude than the corresponding to pure iron,12 i.e.,
JFe-Mn=−0.03JFe-Fe, andJMn-Mn=−0.05JFe-Fe. Moreover, ac-
cording to Eq.s3d, an increase in the Mn content shifts the

exchange integral distribution function and consequently the
specific-heat peak, which in turn decreases in magnitude.
This scenario in addition to the considered levels of dilution
and the increasingly probability of clusters containing Mn,
suggest a distribution of critical temperatures, i.e., a distribu-
tion of lambda curves. Such distribution is responsible for
the broadening and rounded peak of the specific heat as the
Mn content is increased. In contrast, the intensity of the low-
temperature peak increases with the Mn concentration with-
out practically changing its position. Such a compositional
insensitivity of the freezing temperature has been in fact re-
ported to occur in Fe0.6−xMnxAl0.4,

7 Fe0.9−xMn0.1Al x,
5,6 and

FexMn0.7−xAl0.3
30 disordered alloys. On this respect, the

freezing temperature was estimated in around 11 K from the
local maximum of the magnetic specific heat in the low-
temperature regime. The reason for the compositional invari-
ance of the freezing temperature can be understand in the
mean-field approximation as a consequence of the small val-
ues of the Mn-Mn and Mn-Fe interactions compared to the
Fe-Fe interactions. At low temperature, in the ordered Fe
matrix, the freezing critical temperature for 40 at. % Al can
be written asTf =zxJMn-Mn+zs0.6−xdJFe-Mn, wherez=8 is the
coordination number in our bcc lattice. By replacing the ex-
change integrals in terms ofJFe−Fe, the differences for the
freezing temperature due to composition are given approxi-
mately by 0.16xJFe−Fewhich is always very small compared
to JFe−Fe. Thus forx=0 andx=0.3 sthe maximum value of
Mn consideredd the difference comes out 0.048JFe−Fe, which
is negligible compared toJFe−Fe. Summarizing the obtained
results, we propose the magnetic phase diagram shown in
Fig. 13. First, a closely linear decrease of the Curie tempera-
ture with the Mn content at concentrations between 10 at. %
and 40 at. % Mn is observed. Second, a RSG phase and a
pure spin-glass behavior depending on Mn content below
around 11 K as shown in Fig. 13 are also evidenced. As the
Mn concentration is increased as shown in Fig. 12, the broad

FIG. 11. Iron and manganese contributions to the total magne-
tization per site as a function of temperature for Fe0.4Mn0.2Al0.4 and
L=20.

FIG. 12. Temperature dependence of the specific heat for differ-
ent Mn concentrations corresponding to the Fe0.6−xMnxAl0.4 alloy
series.

FIG. 13. Magnetic phase diagram ofa-FeMnAl random Ising
alloys. Labels correspond to the following states: F, Ferromagnetic;
P, Paramagnetic; RSG, Reentrant spin-glass; and SG, spin glass.
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and rounded peak in the specific heat at aroundTC, for which
the lambda-type behavior is progressively no longer ob-
served, makes the phase transition something gradual due to
the increasingly probability of having distributions of clus-
ters containing Mn with different local transition tempera-
tures. Moreover, the occurrence of a cluster glasslike state
cannot be discarded as a consequence of the high levels of
dilution sup to 50 at. % Ald giving rise to fine magnetic clus-
ters separated each other by Al-rich regions. At much higher
Mn concentrations beyond those considered in the present
work, leading to a Mn-rich matrix as well as to structural
changes, the magnetic behavior should be finally determined
by the antiferromagnetic character of interactions involving
manganese.

IV. CONCLUSIONS

The effects of dilution and the presence of competing in-
teractions in a matrix exhibiting ferromagnetic characteris-
tics have been considered. They play an important role in
determining the magnetic structure, and more concretely the
reentrant spin-glass and pure spin-glass behaviors of a disor-
dered system such as those considered in the present study.
The obtained results based ona-FeMnAl disordered alloys
revealed that a fraction of the total number of Mn spins be-
come frozen at a freezing temperature practically insensitive
to Mn composition at around 11 K in agreement with experi-
mental results. A thermal-driven ferromagnetic to paramag-
netic phase transition with a Curie temperature decreasing
with the Mn content as proposed in the magnetic phase dia-
gram shown in Fig. 13 is also reported. Such behavior is

ascribed to the smaller strength of the antiferromagnetic in-
teractions Fe-Mn and Mn-Mn as compared to the ferromag-
netic ones. Additionally from magnetic specific-heat data, a
smooth evolution between a well-defined lambda-type be-
havior at aroundTC and a broadened and rounded peak as the
Mn content increases was also evidenced. This feature is
attributed to the presence of clusters with different local con-
centrations due to atomic disorder giving rise to a distribu-
tion of transition temperatures. Concerning the critical be-
havior, critical exponents of the ferromagnetic-paramagnetic
transition were analyzed for the particular composition
Fe0.5Mn0.1Al0.4, revealing the occurrence of random ex-
change Ising behavior consistent with Harris argument. Fi-
nally, the employed Ising-Monte Carlo approach provides a
satisfactory description of the variable-temperature magnetic
properties of the FeMnAl disordered system and reveals ad-
ditional information which is not currently available from
experiment like those contributions to the magnetization and
to the magnetic susceptibility of the involved magnetic ele-
mentssFe, Mnd in a differentiated fashion.
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