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Ising model for disordered ferromagnetic Fe-Al alloys
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A simple site-diluted Ising model is proposed to study the magnetic properties,&f falloys (with p
+q=1) in the structural disordered phase. It is assumed that Al atoms, which are nonmagnetic, can induce an
extra ferromagnetic interaction between second-neighbor Fe atoms. It is further assumed that this second-
neighbor interaction, as well as the nearest-neighbor one, decreag@scasases. The critical properties are
obtained by the variational approach based on Bogoliubov inequality for the free energy in the pair approxi-
mation. Quite good fittings to the experimental results of the ordering temperature are obtained as a function of
g. A negative value of the extra exchange interaction for some range of the Al concentration is obtained. It is
argued that this negative exchange can drive a spin-glass-like phase in these compounds, a fact that should be
sought experimentally.

The study of the effects of disorder on the critical behav-many treatments such as cold-working by rolliigyf
ior of magnetic systems has been the subject of a greasl;outteringl,5 quenching'® coevaporatio and mechanical
amount of investigations during the last few decades, botigrinding™® It has been shown that these alloys exhibit the
theoretically and experimentally? From the theoretical Same anomalous behavior in the critical temperature as the
point of view it is known that Ising-like models are well ordered onegbut not in the hyperfine fie)d Regarding the
suitable to describe the critical behavior of insulating anisoimagnetic ordering, the ferromagnetic transition temperature
tropic magnetic systentsHowever, for band magnétshe  T.(q) decreases as the Al concentratignincreases. The
situation is not so clear due to the lack of theoretical resultglecreasing ifT for <<0.2 is very slow and one has a small
on models that could be applicable to real experimental sysvalue for
tems.

In particular, the structural and magnetic properties of a=—1T,(dT./dq), 1)
Fe,Al alloys (with p+qg=1) have been widely studied in
the literaturé'=2° They are arranged on a bcc structure,asq—0. However, forq>0.2 the critical temperature falls
which can be viewed as two cubic interpenetrating sublatdown rather abruptly and is definitely different from zero.
tices. When prepared by slow cooling or quenching, fromit should be stressed that such anomaly in these alloys is far
temperatures lower than 700 °C, they are of the ordered typttom being fully explained as yet.
for 0.18<q<0.5, with the Al atoms entering only on one  Earlier theoretical result® based on simple Ising models,
specific cubic sublattice of this bcc latti¢he other cubic  were not able to explain this rather unexpected behavior of
sublattice is always occupied by Fe atoms in this ordered for small concentrationg. Since the Al atom has no
structural phasd. Fromq=0 to q~0.18 they are all disor- magnetic moment it plays the role of a site-dilution in the
dered, independent of the heat or any other treatth¢imt  system. Indeed, exact theoretical results for the diluted Ising
this disordered phase any site of any sublattice of the wholenodel on two-dimensional lattices, as well as reliable ap-
bce structure can independently be occupied by Fe or Aproximations in three dimensions, give values @f-1.}
atomg. The structural ordered alloys present an anomalouhis is in complete disagreement with the experimental data
behavior in the critical temperature and mean hyperfine fieldand shows that dilution is certainly not the only mechanism
as a function of the Al concentratioy in the composition played by the Al atoms in such disordered systems.
range 0.2.q<0.3. Some theoretical works based on the as- In this work we propose an extended version of the simple
sumption of a superexchange antiferromagnetic interactiosite-diluted Ising model, in the same lines as the previous
between Fe atoms separated by an Al atom have been develorks on Fe-Al(Ref. 20 as well as on Fe-Al-Mn systends,
oped for this ordered systemHowever, no experimental in order to study the phase diagram of these disordered al-
evidence of an antiferromagnetic phase has been found andys. We further assume herein that the Al atoms, though
the existence of a spin-glass phase near this compositidoeing nonmagnetic, can induce an extra superexchange like
range is currently more accepted instédd(though no spin-  ferromagnetic interaction between second-neighbors Fe at-
glass phase have already been seen in these systems)as welins, which are separated by an Al atom. It is also assumed

On the other hand, the extension of the existence regiothat this superexchange interaction, as well as the ferromag-
of the disordered ferromagnetic solid solution beyond connetic nearest-neighbor one, decreases ascreases, since
centrationsq~0.18 has been achieved through the use othe lattice expands when Fe is substituted by%To obtain
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the phase diagram we employ a variational approach base
on Bogoliubov inequality for the free energy associated to a
two-cluster-like approximation. Such a procedure allows one
to obtain closed form expressions for the critical temperature
and the phase diagram is easily obtained as a function of th
theoretical parameters. The present approach, although stig
rather simple, is better than the usual mean-field approxima
tion.

The proposed Hamiltonian for this system can be written
as
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whereJ, andJ, are the first- and second-neighbor interac- 0.0 . . .
tions, respectively, and;j==1. =1 or 0 whether the site 0.00 OB o @ 060 080
i is occupied by an Fe or Al atom, respectively. The first sum

in Eq. (2) runs over all nearest-neighb@N) pairs and the FIG. 1. Critical temperature as a function of the Al concentra-
second sum over the next-nearest-neighbN) pairs hav-  tion according to Eqsi4)—(6) and the parameters given in the text
ing an Al atom as NN, i.e., for an NN sitecommon to the (solid ling). The experimental results were taken from Refs.
sitesi andj one hase, =0 (this Al atom is inducing the extra 4,5,16,18 and 19. The dashed line is the previous result correspond-
NNN J, interaction. It is also assumed that any site caning toJ,=0 (Ref. 20.

independently be occupied by an Fe or Al atom so that the

probability distribution fore; is In the present model, besides the nearest-neighbor inter-
action given by Eq(5) we also assume
P(€)=Po(e—1)+qs(e), ® given by Ea()
wherep is the Fe concentration ams the Al concentration.
In order to obtain the approximate thermodynamic prop- J2(q)=J(A-Bq)(C—q), (6)

erties of the present system we employ the pair approxima-
tion based on Bogoliubov inequality for the free enefgit.
closely follows the approach of Ferreieaal® and has been WhereA,B, andC are additional theoretical parameters. The
previously applied to the Fe-Al-Mn allo§s?! as well as to  above form forJ, has been chosen in an attempt to preserve
other quenched disordered classitatand quanturf mod-  the quality of the previous fitting fog>0.3 by choosingC
els. Following the same procedure of Ref. 20 we obtain foraround the value 0.36n the case wherd, is smal).
the critical temperature Figure 1 exhibits the ordering critical temperature as a
function of the Al concentration according to Ed) for A
=2.2,B=2.9, andC=0.35 and taking thesamevalues as
ﬁ(Kﬁsq K2)=p(K1+30K;)(1+tanhK,) before forJ andL. One can see now th%t the agreement is far
3K better than by considering just the NN interactidpn Al-
oha though the value of the slope~ —0.16 is positive(due to
+a| Kot 3aket o= ), @ the ?act that the superex?:fwange interelloction is suddenly
switched on by the Al atomst is quite small and the curve
is almost constant fo~0. In Fig. 2 we show the behavior
of the interactions); andJ, as a function of the Al concen-
tration in the whole range€©g<1. One can see that in the

whereK ;= 8J;,K,=BJ, with 8=1/kgT, kg the Boltzmann
constant and the temperaturez is the coordination number
of the lattice. For the one-dimensional model=2) the

above procedgre giyes the exact free-energy O.f th(_a SYS®Rierval 0.352g<0.76 the extra exchange interactidnbe-
and forz>2 it is equivalent to the Bethe approximation. In comes negative, i.e., an antiferromagnetic interactianich

the limit ‘]2_’(.) one recovers the same resglt of Ref. 2.0‘ has already been proposed for the ordered systamvell as
In the previous treatment of this system it was conaderei

; . . . or the disordered one in a different manRéfd
a nearest-neighbor exchange interaction depending on the One can see that quite good results are obtained from the
concentration of the forff

present approach. However, some few remarks concerning
— 1 the fittings and the model are now in order.
Jil@)=J1-La), ©) (i) In comparing the present model to the experimental
whereJ=0.013 eV and_=0.95 were the theoretical values results for the disordered Fe-Al alloys we have first tried a
that best represented the phase diagtdma dashed line in linear decay for the superexchange interacfipin a similar
Fig. 1 shows the early theoretical curve together with theway as Eq.(5) for J;. The corresponding fittings, however,
experimental daja It can be seen that good agreement iswere not so good as those obtained by assuming the second-
obtained only forg>0.3, which is clearly out of the anoma- order function ofq in Eq. (6). On the other hand, we have
lous region. Moreover, one obtains a very high vale not tried higher degree functions fdg in order not to pro-
~1.6 forg—0 from this dashed line, in complete disagree-liferate theoretical parametefthat is why we have also cho-
ment with the experimental results. sen the same values fdrandL from the previous modgl
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FIG. 2. RatioJ;/J andJ,/J as a function of the Al concentra-
tion obtained from Eqs(5) and(6) and the parameters in the text.

(ii) We have neglected the direct ferromagnetic exchang
interaction between next-nearest-neighbor Fe at@hat is,
that one which is not induced by Al atojnsnce this inter-
action is expected to be one order of magnitude smaller th
the nearest-neighbat;.?° From Fig. 2 one can in fact see
that J, is indeed comparable td, for g in the anomalous
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inducedJ, coupling as function of). In fact, for Al concen-

trations greater thag~ 0.6 these alloys do not present the
structural disordered phase any more and can, moreover,
change its bcc lattiée! It means that the Hamiltonian
model given by Eq.2) is valid while the disordered bcc
structural phase is maintained by the system. As a result, the
extra exchange interactiod, has indeed, in the interested
0<g<0.6 region, its most physical and expected behavior,
being positive at smalfj and becoming negative at some
intermediate concentration with no “reentrance”

(v) Better theoretical approaches will certainly improve
the critical values. However, the qualitative behavior, and we
also believe as well that the quantitative values of the theo-
retical parameters for the fittings, will not be so drastically
changed in this case. That is what happens by performing
Monte Carlo simulations on the model with=0.%°

(vi) Finally, something has to be said regarding the choice
of the Hamiltonian(2). Although these compounds are all
metalic the Mesbauer spectroscopy obtained from these dis-
ordered alloys on the bcc structural phase makes clear their
ferromagnetic character and also indicates the most probable
sites that appear in the hyperfine field distributtithis fact
suggests one to think, at least at first sight, of localized spins

88 the lattice. For this reason the Ising model has been ex-

tensively used in describing the magnetic properties of such
systems?2127-29 A different situation occurs in the same

region range and also greater than the NNN direct ferromag,a”()yS on the fcc phase, which present a magnetic behavior

netic interaction.

(iii) The fittings of the phase diagram naturally give rise
to an antiferromagnetic interactialy for some range of.
This has been previously proposed in the literature in a dif
ferent context for the ordered alldyand also for the present
disordered systef?® (with no ferromagnetic coupling be-

where, according to Ishikawdwould be more reasonable to
be described by an itinerant electron model.

As a final remark it should be said that the present model
is still rather simple to account for the total interesting prop-
erties of these disordered alloys. However, it seems indeed
that the superexchange character induced by the Al atoms are

tween NNN. Moreover, in the present case we have alsqy, act relevant in order to describe the main magnetic criti-

dilution (and competition if we remember tha is always

cal behavior of such systems. We believe that the present

positive) in such a way that we have theoretically the basicregyjts will provide an additional motivation for further more

ingredients for the presence of a spin-glass like phase. B
sides, this approach is capable of giving a better agreeme
with the experimental results for small valuespthan the
previous oneé’?8

(iv) The behavior ofJ,, shown in Fig. 2 in the entire

§igorous theoretical effort on these disordetad well as on

e ordered counterparalloys. On the other hand, seeking
for a spin-glass-like phase on these systems seems to be quite
interesting from the experimental point of view.
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