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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.
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[. INTRODUCTION addition to the debate about critical exponents of random
Ising systems have motivated us to consider dhREeMnAl
The effect of atomic disorder upon the magnetic propersystem as a canonical example of disordered system. First,
ties and critical behavior of intermetallic crystalline com- atomic site randomness can be easily achieved both compu-
pounds has been a topic of debate and long standing interesitionally as well as experimentally either by mechanical al-
during the last decades. First, magnetic phase diagrams al@ying or by quenching after arc meltitg. Additionally,
strongly influenced by the degree of atomic ordering, i.e.competing interactions responsible for frustration come from
they can be modified depending on the sample preparatiothe ferromagnetic and the antiferromagnetic character of
method as it has been already reported to occur in FeAFe-Fe and Fe-Mn, Mn-Mn couplings, respectiv&lf This
(Refs. 1-4 and FeMnAl alloys’® Hence, experimental tech- fact gives rise to an exchange integral disorder which in turn
nigues like mechanical alloying and quenching after high4is enhanced by the magnetically dilutor effect of Al atoms
temperature treatments in arc-melted alloys, provide th@roviding the so-called bond randomness. More important is
mechanism for introducing atomic disor@eéBecond, the ex- perhaps the influence of such a level of disor¢@omic,
istence of competing interactions and dilutidbelow or  magnetic, and dilutedupon the critical exponents, which
above the percolation threshpldcreases the degree of com- remains a subject of much interest. Consequently, in this
plexity from which a wide variety of magnetic phases can bework we investigate the effect of dilution via Al as well as
found. In a recent paper devoted aoFeMnAl alloys’ the the effect of competing bonds via Mn on the magnetic prop-
temperature dependence of the mean hyperfineligltom  erties and critical behavior of quenched-randanfreMnAl
Mossbauer data for keMing;Alp, reveal a well- alloys. More concretely, we have considered the following
distinguishable low-temperature region below 30 K, wherealloys series: Rg,MnAlgs  FeeMnAlg, and
the system exhibits a kink characterized by a sharp increades, 5, Mn,Al,s, corresponding to a body-centered-cubic
of By from 10 T up to 14 T as the temperature decreasegbco structure according to the structural phase diaghafm.
Such behavior was ascribed to a reentrant spin-glRS&) Monte Carlo-metropolis dynamics and a random site-diluted
state within a ferromagnetic matrix arising from the interplaythree-dimensional(3D) Ising Hamiltonian with nearest-
between ferromagnetic Fe-Fe bonds, antiferromagnetioeighbors interactions have been considered for addressing
Fe-Mn, Mn-Mn couplings, and to the dilution effect pro- the present study.
vided by Al atoms in a Fe-rich environment. It is particularly ~ The layout of the paper is as follows. In Sec. Il we de-
the interesting fact that with a relative small amount of Mn, scribe the model, simulation details and observables to be
just 10 at. %, and consequently a relative small density o€omputed. In Sec. Ill we present our numerical results. This
antiferromagnetic bonds leading to competition, a RSG besection provides the finite-size scaling analysis of the
havior can be evidenced. On the other hand, as thermal flué-e, sMng ;Al, » Sample and it shows how the observed mag-
tuations become larger by increasing temperature aboweetic behavior is modified depending on stoichiometry ac-
30 K, By goes from 10 T down to zero as the critical tem- cordingly to the above mentioned series. Results are summa-
peratureTc is reached at around 300 K, taking place a fer-rized in a proposal of magnetic phase diagram. Conclusions
romagnetic to paramagnetic phase transition. These facts @re finally presented in Sec. IV.
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Il. MODEL 05 -
D L=
The zero-field random Ising Hamiltonian describing our C L=10 X
system reads as follows: %
0.4+ 8 % : o
H=-2 Jeigoi0;. &) i & 4
(.0 Mg %
The sum runs over nearest neighbarstakes on the values 031§ g 3
+1, and theg;’s are uncorrelated quenched-random variables TR - 2
chosen to be 1 or 0 depending on whether itiesite is 0i2 Temperature (K) o
occupied by a magnetjc atofre, Mn) or a.no_nma_lgnet_ic one ' « L=10
(Al), respectively, having a probability distribution given by o L=15
P(Sij) = p5(8” - 1) + X5(8ij - 1) + qﬁ(sij), (2) = [.=20
wherep, x, andq are the fractional concentrations of Fe, Mn, , o L=25
and Al, respectively, witlp+x+qg=1. In contrast to pure sys- o 1(')0 : 2(')0 : 3(')0 e

tems, the occurrence of atomic disorder, dilution, and the
presence of different couplinggFe-Fe, Fe-Mn, and
Mn-Mn) having different magnitudes, makes the exchange
integralJ;; a randomly distributed function, instead of a con-
stant value function of the form

Temperature (K)

FIG. 1. Temperature dependence of the specific heat for
Fey gMng 1Al 4. A lambda-type behavior around 300 K is observed

corresponding to a ferromagnetic to paramagnetic transition. Inset
P(J;) = p25(3ij -J) +X25(Jij + &) + 2px8(J; + NJ) +q(2 shows the low-temperature behavior consistent with a spin-glass

) 5(Jij)- 3) behavior.

In this expression the coefficiept, representing a bond den- by magnetic holes as a consequence of atomic disorder. In
sity, gives the probability of having ferromagnetic Fe-Feour case, this role of magnetic holes is played by Al atoms.
couplings with strengttd. x> and 2x are the respective prob- Atomic disorder was simulated by considering up to ten dif-
abilities of antiferromagnetic Mn-Mn and Fe-Mn couplings ferent random quenched distributions of Fe, Mn, and Al at-
with exchange integrals& and -\J, where &(=5%) and  oms for every considered stoichiometry from which configu-
N(=3%) are competitive parameters fitted to reproduce ex+ational averages over the ensemble ones and computation of
perimental features of these allolsThe last coefficient error bars were carried out. Simulated annealing from well
g(2-q) gives the probability of diluted bonds involving alu- above the Curie temperature down to 1 K was carried out by
minum. Additionally, the larger atomic size of Al atoms starting from a random spin configuration corresponding to
gives rise to a remarkable lattice expansiérfrom which  infinite temperature. In computing equilibrium averages, an
the exchange integral becomes a function of aluminum as Rverage of 1®Monte Carlo steps per spin were considered
has been described elsewh&é3 Numerical values for the after equilibration. The basic thermodynamic quantities of
present study were taken from Ref. 12. The choice for Isingnterest are the total energycomputed from Eq(1) and the
spins allows reproducing a case with strong uniaxial anisomagnetization per lattice site=(1/N)2o; from which the
tropy while keeping computational efforts within reasonablespecific heat and the magnetic susceptibilify were com-
limits. This choice is also motivated by the fact we are dealfuted according 516

ing with a complex system containing three different ele- _

ments, two of them are magneti€e, Mn with different c= (UNKT?)((E%) = (E)?), (4)
couplings, randomly distributed in a bcc lattice, and where
the exchange integral is an Al-driven function of interatomic x = (N/kgT) () = (m))?), 5

spacing. Additional!y, different system sizes are also cop_sid\-NhiCh were in turn averaged over the number of samples,
ered for extrapolation purposes and computation of critica| o 'the number of random quenched distributions. Magnetic
exponents. Moreover, since we want o stress on the possibléyq«iptions to the total magnetization per site from Fe and
existence of a spin-glass state according to the already d§y, atoms were analyzed separately by considering

scribed characteristics of our system, this should be bettg,_ _q /N andme=(1/N respectivelv. Replac-
checked with Ising spins for which frustration effects arisingin;ein( Eq )(ES;T;: by m,:Mnor(mM )tinggspestive co?’?tribupiions
" e n

from competition are enhancedl. Xee and yun, to the total susceptibility were also computed.

For our simulation we have erlgployed a single-spin flipTpig tact constitutes one of the enormous advantages of the
me'tropoh?, Mont.e Qarlo algorithf tQ.SIUdyLX LxL bC(,: Monte Carlo method compared to bulk magnetic measure-
lattices with periodic boundary conditions and several linear

: . : ments.
system size$ ranging from 5 up to 25 with a total number
- 3 ; s )
pf N=2XL® atoms. T_he employed smgle-_spln fI|_p dynamics IIl. RESULTS AND DISCUSSION
instead of, e.g., a single-cluster update is motivated by the
high degree of dilution in our system where most probably Figure 1 shows the temperature dependence of the spe-
one can find groups of spins almost completely surroundedific heat for the FggMng,Aly, sample. A well-defined
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FIG. 2. Semilog plot of the temperature dependence of the mag- L
netic susceptibility for FggMng 1Alg 4 Two peaks are distinguish- FIG. 3. Infinite volume extrapolation of the pseudocritical tem-
able in agreement with specific-heat results. peratureT(L) computed from specific-heat and magnetic suscepti-
bility data.

lambda-type behavior around the Curie temperature ascribed

to a thermal-driven ferromagnetic to paramagnetic phasgingence measurements. Concerning ghexponent, Fig. 5
transition and a small rounded peak in the low-temperaturghows the temperature dependence of the magnetization per
regime are observed. The presence of two peaks, one of thetice site for the FgMng Ay, alloy, whereas the inset
with tendency to diverge, is also endorsed by magnetic susshows the log-log plot of the magnetization evaluated at the

ceptibility data as can be observed in Fig. 2. Hence and frongxtrapolated Curie temperature for differéntalues. From
the location of the maxima of these quantities, denoted byhe slope and according to Refs. 15-18

Tc(L), an extrapolation to the thermodynamic limit was car- -
ried out in the frame of finite-size scaling the&ty® with [Im(Tc(ee)) )] o= LA, (7)

our best estimate fopB is 0.39+0.05, reasonably similar
within the error bars to those values reported by several au-
§hors on quenched dilute Ising systems as can be observed in
the works and compilations made recently by Ballestetos
al.2® and Folket al?* More concretely, this value agrees with

Te(L) = Te(e) +aL™". (6)

The best estimate for the Curie temperature wa
Tc(0)=296+3 K in agreement with Mossbauer results
(~300 K) for this compositiorf:”12 The extrapolation
procedure is shown in Fig. 3 and it was carried out
employing an effective correlation length exponent
v=0.79£0.03. This exponent was estimated over the range
103<|T/Tc-1/<102 from the maximum values of the 10°
logarithmic derivatives of the magnetizatigm| and the [
square of the magnetizatior?, following the procedure de-
scribed by Ferrenberg and Landdurhe log-log plot of the
size dependence of the maximum values of these derivatives &
used to determine is shown in Fig. 4. Our result for the 2
correlation length exponent agrees with the 0.78+0.01 value ©n
obtained by Hennecke 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
modef® 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
Mng gZng sF2, an exponentr=0.75+0.05 computed from
neutron-scattering experiments has been repdftédcom- FIG. 4. Log-log plot of the size dependence of the maximum
parable value of 0.73+0.03 was also found by Birgenetiu values of the logarithmic derivatives of the magnetization and the
al.?? for Fey sZn, F» from neutron-scattering and linear bire- square of the magnetization to determine
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FIG. 5. Total magnetization per lattice site. Symbéls) and FIG. 7. Log-log plot of the maximum value of the magnetic

[- -] refer to canonical ensemble and configurational averages, resusceptibility as a function of the linear system size to determine
spectively. Inset is a log-log plot of the magnetization evaluated aj

the extrapolated Curie temperature. fess, our estimate is similar tg=1.52+0.07 reported by

Wang and Chowdhur$? and 1.522+0.031 for 40% of dilu-
o _ tion as in our sample, found by Wiseman and Dom&ny.
B=0.385+0.015 for 20% of dilution, obtained by Mared  Regarding the ratioy/ v, our estimate agrees well with the
al. on Ising models with static site diluticf.With the ob-  yajue 2.034+0.031 found by Wiseman and Donfdrand it
tained values forv and g, the scaling plot of the rescaled s relatively close to renormalization-group calculations for
value of the magnetizatiomL?” as a function otL'” with  \yhich y/1»=1.972728 The observed fluctuations over the
t=(T-To)/Tc is presented in Fig. 6 revealing the collapseconsidered range of temperature on the specific-heat data,
onto a single curve for system sizes greater than ten. Analarery sensitive to the length of the simulations, make more
gously we have computed the critical expongrif the sus-  difficult to analyze the singular behavior of the specific heat.
ceptibility from the double logarithmic plot of the size de- Assuming in this case the hyperscaling relationdv=2 we
pendence of the maximum value of this function as shown ifound «=-0.37+0.09, much more negative than most
Fig. 7. From the slope we fingt/ »=2.00+0.05 yielding the of those reported in literatu#&?* usually between -0.09
exponenty=1.58+0.10 larger than most of thevalues re-  and -0.17. However, it agrees with those obtained from
ported in literatur& 24 for the dilute Ising model. Neverthe- the same hyperscaling relation, namely, —0.34 and —0.31,
in Refs. 19 and 20, respectively. Clearly the obtained

1.6 exponents differ markedly from the pure Ising values.
o [=5 This fact, consistent with Harris argument, suggests therefore
14 A I=10 the occurrence of a random Ising behavior. On this respect
- it is important to stress that the degree of disorder in
g Loty o [=15 our system is provided not only by the site randomness
~ . ¢ =20 over which most of the reported work on random Ising
e~ 1or O =25 models focuses on but also by the bond randomness as a
E g L - consequence of the distributed character of the exchange
—_ integrals accordingly with E(3). These features in addition
- 06'_ to the competitive character of the involved couplings
l (Fe-Fe,Fe-Mn,Mn-Mpof different magnitudes and differ-
04l ent sign (Jee.re™ 0, Fe-mn<0, Jun-mn < 0), enhance the de-
| . gree of disorder in the system. This fact could presumably
02k explain differences among sets of critical exponents since as
I is well established a crossover to new critical behavior is
00l v v v governed by the degree of scattering of the exchange
5 4 3 -2 1 0 1 2 6 7 integrals?? Regarding the nature of the low-temperature peak
tLl/V observed in Fig. 1, this is attributed to the presence of Mn

atoms and more specifically to the Fe-Mn and Mn-Mn an-

FIG. 6. Scaling plot of the rescaled absolute value of the magtiferromagnetic interactions competing with the Fe-Fe ferro-
netization mL#* as a function of tLY”, with »=0.79 and magnetic ones. Moreover, in agreement with the third law of
Tc=296 K. Error bars are of the order of symbol size. thermodynamics, the specific heat linearly tends to zero as
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FIG. 8. Iron and manganese contributions to the total magneti- FIG. 10. Semilog plot of the manganese contribution to the
zation per site for RgsMng Al 4 andL=20. magnetization as a function of temperature for different linear sys-
tem sizes.

the temperature goes to zero. Such a linear dependence . . , L
seems to be typical of spin-glass systéfh@ It is also a emains practically constant. This result implies therefore a

remarkable fact that this low-temperature behavior is evil0W-temperature additional ordering of Mn spins within the
denced with just 10 at. % Mn in agreement with experimen-fe”omagnet'c matrix. A_det@uled anaIyS|s of this curve, as
tal result§~” and it is correlated with a reduction in the global c_aﬁn be seen more expllc:lrtlly in tr;]e se;]ml-log plot of Fig. 10 for.
magnetization per site as observed in Fig. 5. In order to get Jifférent system sizes, shows that the observed Mn magneti-

better understanding about this low-temperature behavigf®ion Per sit€0.08 as temperature goes to zero differs from
gwat suggested by stoichiomet®.1). This fact means that a

and why the low-temperature peak in the specific heat a ; 0 )

well as in the susceptibility can be indeed ascribed to thos§action of about 20% of Mn magnetic moments tend to be

antiferromagnetic interactions involving Mn, we show ex- randomly oriented, some of them_presumably bec‘?m”?g frus-

plicitly the Fe and Mn contributions to the global magneti- fated as a consequence of the involved competing interac-
tions. In contrast, around 80% of the Mn magnetic moments

zation per site and to the susceptibility io=20 in Figs. 8 X ) .
and 9, respectively. Results reveal clearly a remarkable in2€ antiferromagnetically coupled to the Fe-rich ferromag-

crease of the absolute value of the contribution due to M€tic matrix. Since this behavior arises within the ferromag-
etic phase below the Curie temperature, a reentrant spin-

atoms in contrast to the Fe magnetization contribution whicH! ; ; X
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 RgMng 4Al 4 alloys by means of su-
perconducting quantum interference device magnetometry
and magnetic susceptibility measureménds 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
Fey sMng LAl 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
. . X frustrated since the presence of small diluted clusters con-
0 100 200 300 400 taining a considerable amount of Mn cannot be discarded as
Temperature (K) a consequence of atomic disorder. This phenomenology co-
incides with a higher peak of the specific heat in the low-
FIG. 9. Semilog plot of the total susceptibility and its respectivetemperature regime and it becomes progressively more rel-
contributions for FgsMng ;Aly4 and L=20. Arrows indicate the evant as the Mn content increases. On the other hand as
position of critical points. observed in Fig. 11, the contribution to the magnetization
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FIG. 11. Iron and manganese contributions to the total magne-

tization per site as a function of temperature fog féng ,Al , and FIG. 13. Magnetic phase diagram afFeMnAl random Ising
L=20. alloys. Labels correspond to the following states: F, Ferromagnetic;

P, Paramagnetic; RSG, Reentrant spin-glass; and SG, spin glass.

from iron atoms as the temperature goes to zero, seems Q(change integral distribution function and consequently the

suggest a very small_additional increase Of. this .ComribUtior’specific—heat peak, which in turn decreases in magnitude.
attributed to a reduction of thermal fluctuations in a V"eaker'l'his scenario in addition to the considered levels of dilution

ferromagnetic matrix, i.e., characterized by a lower density; : ; o o
: ’ - and the increasingly probability of clusters containing Mn,
of ferromagnetic bonds. Figure 12 shows the effect of th gy p y 9

M tent the t i d d f th .feSuggest a distribution of critical temperatures, i.e., a distribu-
n content on the temperature dependence of e SPeciligy, o |ambda curves. Such distribution is responsible for

?:ea_t fotr the F@?_quxAlmtsedries_.t r’?‘s is shown intthis figulre, the broadening and rounded peak of the specific heat as the
une temperature 1s shifted with manganese toward 10Wef,, cqntent is increased. In contrast, the intensity of the low-

values, attriputed toa smaIIerldensity O.f ferromagne_tic bond'lsemperature peak increases with the Mn concentration with-
?nd tr?. trf:?[hlnc;eai;lngly é:iel\;sn?\//lof antlflgrromagnetlc”bor)d%ut practically changing its position. Such a compositional
or which the -e-vin an n-vin couplings are smaller in insensitivity of the freezing temperature has been in fact re-
magnitude than the corresponding to pure iténi.e., ported to occur in Rgs MnAlgs’ Fe e MngAlL,56 and
JFe‘(’;".“__O'Oé’ JF%'FG an.d‘]'\"“'M”_._O'?IS‘JK/T'Fe Moreovehr_,fac-h FeMng,-Alp 20 disordered alloys. On this respect, the
cording to Eq.(3), an increase in the Mn content shifts the freezing temperature was estimated in around 11 K from the

0.5 local maximum of the magnetic specific heat in the low-
@ 10at% Mn 10 at. % Mn temperature regime. The reason for the compositional invari-
C I g ;gat;/aﬁn @ ance of the freezing temperature can be understand in the
04 H B G ; ° mean-field approximation as a consequence of the small val-
s o 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 asTs=zxJyn-mn+2(0.6 =X) Ige.mny Wherez=8 is the
coordination number in our bcc lattice. By replacing the ex-
change integrals in terms df._r, the differences for the
freezing temperature due to composition are given approxi-
mately by 0.18J-._reWhich is always very small compared
t0 Jre_pe Thus forx=0 andx=0.3 (the maximum value of
Mn consideregithe difference comes out 0.03_g, Which
is negligible compared tdg._r. Summarizing the obtained
. . . ) . . . results, we propose the magnetic phase diagram shown in
0 50 100 150 200 250 300 350 Fig. 13. First, a closely linear decrease of the Curie tempera-
Temperature (K) ture with the Mn content at concentrations between 10 at. %
and 40 at. % Mn is observed. Second, a RSG phase and a
FIG. 12. Temperature dependence of the specific heat for differpure spin-glass behavior depending on Mn content below
ent Mn concentrations corresponding to thg EeMn,Aly, alloy  around 11 K as shown in Fig. 13 are also evidenced. As the
series. Mn concentration is increased as shown in Fig. 12, the broad
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and rounded peak in the specific heat at arotiggdor which  ascribed to the smaller strength of the antiferromagnetic in-
the lambda-type behavior is progressively no longer obieractions Fe-Mn and Mn-Mn as compared to the ferromag-
served, makes the phase transition something gradual due netic ones. Additionally from magnetic specific-heat data, a
the increasingly probability of having distributions of clus- smooth evolution between a well-defined lambda-type be-
ters containing Mn with different local transition tempera- havior at around¢ and a broadened and rounded peak as the
tures. Moreover, the occurrence of a cluster glasslike stat®ln content increases was also evidenced. This feature is
cannot be discarded as a consequence of the high levels aftributed to the presence of clusters with different local con-
dilution (up to 50 at. % AJ giving rise to fine magnetic clus- centrations due to atomic disorder giving rise to a distribu-
ters separated each other by Al-rich regions. At much highetion of transition temperatures. Concerning the critical be-
Mn concentrations beyond those considered in the presehtavior, critical exponents of the ferromagnetic-paramagnetic
work, leading to a Mn-rich matrix as well as to structural transition were analyzed for the particular composition
changes, the magnetic behavior should be finally determineBe, sMng 1Al 4 revealing the occurrence of random ex-
by the antiferromagnetic character of interactions involvingchange Ising behavior consistent with Harris argument. Fi-
manganese. 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-
IV. CONCLUSIONS ditional information which is not currently available from
The effects of dilution and the presence of competing in-€xperiment like those contributions to the magnetization and
teractions in a matrix exhibiting ferromagnetic characterist0 the magnetic susceptibility of the involved magnetic ele-
tics have been considered. They play an important role ifnents(Fe, Mn in a differentiated fashion.
determmlng'the magnetic structure, and more c_:oncretely.the ACKNOWLEDGMENTS
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