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Order-disorder transformations in binary body-centered-cubic alloys with two ferromag-
netic components are studied within the mean-field approximation. Only pairwise in-
teractions between nearest neighbors are included. Special attention is given to the tem-
perature dependence of the specific heat in several kind of alloys and discontinuities of the
specific heat at the critical temperatures are calculated. Three different situations are
analyzed; i.e., (i) © (spatial order-disorder critical temperature) <®;, (Curie tempera-
ture), (i) ®p < O, and (iii) J 45 <<J 44, s Where Jy; are the Ising exchange integrals for
the alloy 4,B,_, with spins S, and Sz. The Fe-Co system is studied within this model,
and the results are compared with experimental data.

I. INTRODUCTION

Order-disorder phonomena in alloys have been
investigated for many years and copious data for
the bulk are available. But, although these
phenomena are well understood in paramagnetic

alloys, studies in magnetic systems are still lacking.

Experimentally it is well established that there is
an interdependence between magnetism and spatial
long-range order.! However, theoretical analyses
for the spatial order-disorder transformations in
magnetic systems, as in FeCo, are usually carried
out ignoring the magnetic properties.” Recently it
has been shown that in alloys with two magnetic
species the interplay of the two phenomena may
lead to results completely different from those
predicted by theories that take into account only
one of the effects.>~® In a mean-field theory,
Tahir-Kheli and Kawasaki® studied the tempera-
ture dependence of the order parameters and
Moran-Ldpez and Falicov*® analyzed in detail the
phase diagrams (temperature concentration) for dif-
ferent kinds of alloys. In particular it was shown
that the asymmetry of the ordering curve of
Fe,Co,_, is obtained if magnetism is included.’
Studies of the temperature dependence of the order
parameters in the Bethe approximation have been
published also.®

In this paper we study further the interplay of
atomic and magnetic ordering within the model
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used by Moran-Ldpez and Falicov.’ It is a mean-
field theory where the interatomic forces and the
magnetic interactions are assumed to be pairwise
between nearest neighbors only. Here, we examine
in detail the temperature dependence of the specific
heat in alloys with several bulk behaviors and we
calculate the discontinuities in the specific heat at
the critical temperatures by means of a formalism
outlined recently.’

Our concern in this paper is to explore the
changes in the specific heat produced by the inter-
dependence of the two phenomena. Then we study
the problem within the simple mean-field theory.
An obvious restriction of this model is that short-
range-order correlations cannot be taken into ac-
count. These effects would modify our mean-field
results mainly near the transition temperatures.

II. THEORY AND CALCULATION

We consider a body-centered-cubic binary alloy
A;B, (y=1—x) with two ferromagnetic com-
ponents with spins S and Sp.

In order to describe the spatial long-range order,
the bec lattice is subdivided into two equivalent
sublattices a and B. All a sites have 3 sites as
nearest neighbors and vice versa. In the perfectly
ordered case of the 4, 5B 5 alloy, all a sites are
occupied by A atoms and all 3 sites by B atoms.
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In the disordered case the probabilities of finding
an A atom in the a and B sublattices are the same.

The magnetic properties of the system are
described by means of the probabilities p,(I,m), of
finding an atom I (I =A,B) with spin S,=m
(—S; <m <8;) in the sublattice v (v=a,B). The
total number of probabilities is then 2(2S,+1)
+2(2Sg +1) and they are normalized by

S p,(Im)=1, v=a,B. (2.1)

Im

The average concentration x of species A4 is given
in terms of the probabilities by

S pld,m)=x . (2.2)

v,m

At zero temperature we have for the 4, 5B 5 alloy
that

Pal4,S4 )‘_‘PH(B’SB): 1

and the rest .of the p’s are equal to zero. Above the
Curie temperature we have

pA,Sq)=p,(4,S,—1) - =p,(4,—S4), (2.3)
p(B,Sg)=p,(B,Sg—1)--- =p,(B,—Sp), (24)
v=a,f .

At finite temperature, the equilibrium values for

the probabilities are found by minimizing the free

energy F=U —TS, by means of the natural itera-

tion method,? and subject to the three constraints

(2.1) and (2.2).

The contributions to the internal energy U are

- the chemical nearest-neighbor interactions U 4,

Upgp, and U, p and the Ising exchange integrals

J 44> JBB, and J4p (defined positive for ferromagnet-

ic coupling). For the case Sy =Sp= -;~, the internal
nal energy can be written as

U=Uc+Uy , (2.5
where
Uc(n)=Uc(0)— s NZWcn? (2.6)
and ‘
Unlé)=—5NZ 3, E[DESIN,, . .7
nr

Here, N is the total number of atoms, Z is the
coordination number and the spatial long-range or-
der parameter 7, and the four magnetic long-range

order parameters £,(I) are defined by

N=[po(4d)—pg(4)] v (2.8)
and

ED=p,I1)—p, L), (2.9)
respectively.

In Eq. (2.6) W¢ is the chemical contribution to
the effective heat of mixing® and is defined by

WCEUAA+UBB_2UAB' (210)
The entropy is given by the expression

S=—3kN 3 [p,L,m)lnp,(Im)].  (2.11)

Ivm

We now define two basic parameters: an unper-
turbed Curie temperature @,

8k®ME Z(xJAA +yJBB)
+Z[(xJ 4g—3Tpp ) +4xp0 5512, (2.12)

which is the Curie temperature!® for U-=0, and an
unperturbed ordering temperature @,

k@o-——ZXyWC N (2 1 3)

which is the ordering temperature in nonmagnetic
systems. Thus, three situations are possible, i.e.,
(i) ®g < Oy, (il) Oy <@y, and (iii) Oy < Oy,

Jap <<J 44, Jpp, depending on the values of the
parameters Ji, W¢, and x. The temperature
dependence of the order parameters as well as the
phase diagrams in all those cases were studied in
detail in Ref. 5. Here we study the temperature
dependence of the specific heat

as
C=T 3T 2.14)
and its discontinuity at the critical temperatures.

In the cases (i) and (ii) mentioned above, there
are two critical temperatures 7'y and T, (T < T,).
At the lower critical temperature where a second-
order phase transition takes place one of the order
phenomena disappears. A more complicated situa-
tion occurs in case (iii).

Recently it has been shown that in systems with
coupled order parameters, there are extra contribu-
tions to AC at T=T, not present in systems with
only one kind of order.” It was shown that if the
two phases are characterized by the order parame-
ters &; (i=1,2,...,Ny) and §; (i=1,2,...,N;) such
that £;=0 for T> T, and &;=0 for T > T,, the
specific heat at T'¥ is given by
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N as - :
CT)=—E— [r,+T1 | | = +~— (T, (2.15)
1 é.() é_z T, 1 35, 51 aé.' Tlgl 1
—
and A. Oy<Oy
=15 () 2.16) - ~
C(Ty)=T, Tlgt 2. In this case the order-disorder critical tempera-
Here ture is no longer given by Eq. (2.13) but by a com-
’ pletely different equation.” We denote this tempera-
E= :_5’_ (i£D), ture by Ty. The parameters that vanish at T=T,
g are
Fr_ agl 2.17) §1=1, §2=§a(A)_§ﬁ(A) ’
i =37 |T=T . (2.18)
and §:=EdB)—£4(B), Ni=3,
ENTE)= -éi]l' et and the parameters that remain finite at 7=7T are
At the higher temperature T, only one kind of §1=E4(A)+E5(A)
order is present and AC is calculated by means of (2.19)
the regular Landau theory for phase transitions.!! $r=Eu(B)+E4B), Ny=2 .
We now apply the above formalism to the three B
following situations. The specific heat at T'§ is then given by
)
T Ly (1450  (1=&)P (148 (1-§)
O 4L =& -6 W+6
kT, 2x+6 2y +6»
— Ty N Ty N , 2.20
aZWe 61(To )n =&, +82(Tg )n Y— (2.20)
and
2x +61 2y +&;
C(TH)=— T 1 T5H) In 2.21
(Tq) 4ZWC E(Tq) nzx £, +&5(Tg") »—6 ( )

Equations (2.20) and (2.21) are evaluated by solving
ten and four coupled equations, respectively.

At temperatures higher than Ty, the spatial or-
der is lost and the system remains ferromagnetic
up to the temperature ®,,. This phase is charac-

terized by only two order parameters, £; and &,.
Near Oy, it can be shown that
Jup
Ey=— 4B & . (2.22)
o AkT
BB 7,

4Oy
ZxyJ 4p

, ,
§%=;y-[<xJAA —yJgp ) +4xpJ 451" | 4p

and ®,, is given by Eq. (2.12).

I
Thus, the specific heat at ®,;, is calculated by the
Landau theory'! for systems with only one type of
order, and it is given by

C(®) 2 Tkt | KO 2
= b —X.
M 8x2yJAB Y 4B 7z AA
(2.23)
Here,
s ~1
JAA 1 4k®M
— —— |Jgg — , (2.24)
v | 3" zy
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B. ®M <®o

In this case, at T =0, there is a second-order
transition between an ordered paramagnet (T < ®,)
and a disordered one (T > ®,). There is also, in
general, a lower temperature T), at which a
second-order transition between an ordered fer-
romagnet (T < Tj,) and an ordered paramagnet
(Ty < T <®g) occurs. In this situation we have

§l Ega(A ) ’
Ey=E4A)/E,A) ,

- (2.25)
§3E§a(3)/§a(A) N
Es=E4(B)/ELA), N =4,

and

 G=m, Np=1 . (2.26)

Applying the mentioned general theory’ we find
that the specific heat at Ty} is given by

C(Tip)=— 57" (Tip)+ (£ Tt

and
C(TiH)=—57'(TiHm . (2.28)

At T > Ty, the system becomes paramagnetic and
the problem reduces to calculating the specific heat
of a normal order-disorder transition. The specific
heat C(®y ) is given by

- 3 xy
C == . .
(®g) 2301y (2.29)

C. Op<Op, Jyp<<J 44, IBB

In this situation the low-temperature behavior is
different from that discussed in Sec. IIA. Because
of weak magnetic exchange between dissimilar
atoms the system becomes paramagnetic, in the
Ag 5By s alloy, at the temperature Ty, where the
chemical order is strong and becomes ferromagnet-
ic again at a higher temperature Ty where the sys-
tem is disordered enough to take advantage of the
strong exchange interactions J 44 and Jpp.

The calculation of C at Ty, corresponds to the
case discussed in Sec. II B where @,; < ®, and the
the calculation of C at ®,,; corresponds to disor-
dered ferromagnetic systems [Eq. (2.34)]. At
T =Ty the situation is much more complicated
and only numerical results for C are presented.

III. RESULTS AND DISCUSSION

The Fe, Co, system is a metallic ordering alloy
with bee crystal structure and with Curie tempera-

) (2.27)

tures higher than the spatial order-disorder transi-
tion temperatures.!? Then it belongs to the alloys
described in Sec. II A. This system, as all the
magnetic transition metals, presents localized and
itinerant properties.!> Therefore, it is evident that
a description of this alloy by a spin-% Ising

model is not fully adequate It is, however, interest-
ing to consider our model is a simple interpolation
scheme for this system. The phase diagram was
studied within this model and it was shown that its
main features can be obtained.> The four parame-
ters Jreres JFeCo> JCocos and W were obtained from
the three experimental values of ®@,, at x =0.4,
0.5, and 0.6 and from T at x=0.5. It is worth
noticing that the Curie temperature at those con-
centrations coincides with a change of crystal
structure from bcc to fcc. However, it is not clear
from the experiment if this last change of phase
drives the system to the paramagnetic state. Based
on a mean-field theory one would expect the oppo-
site, since the Curie temperature is proportional to
the coordination number, but a more careful study
would be necessary. Here we are mainly interested
in the change of the specific heat at the order-
disorder temperature.

We applied the theory described in Sec. II A to
this system. Our results are presented in Figs. 1
and 2. The temperature dependence of the specific
heat is shown in Fig. 1. We see that C(T'y ) is
much larger (5.408) than the one we would obtain
in an ordering paramagnetic alloy (1.5). This
enhancement shows clearly the interplay between
magnetism and spatial order. We show also in this
figure the experimental results.!* Here, we sub-
tracted the lattice and electronic contribution to C.
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FIG. 1. Temperature dependence of the specific heat
C for a Fe( sCoyg s alloy. The arrows mark the peak

values of C at the order-disorder transition temperature.

Our results are in a good qualitative agreement to
the experiment, but C(T'§ ) and C(®,;) are
smaller than those experimentally observed. How-
ever, it is expected that the quantitative difference
would be smaller if we would formulate the theory
in the Bethe approximation, taking into account
short-range spin correlations.
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FIG. 2. Discontinuity in the specific heat of the Fe-Co
system as function of the iron concentration x at the
order-disorder transition temperature (full line) and at
the Curie temperature (dashed line).

In Fig. 2 we show the results for AC at T=T)
(full line) and at T =0, (dashed line) as a function
of the alloy concentration. We see that AC(T) is
asymmetric with respect to x =0.5, a feature not
possible to obtain in our simple model if magne-
tism is not included. '

The results for an alloy of the type discussed in
Sec. II B are shown in Figs. 3 and 4. The parame-
ters used in Fig. 3 are J,4,=1.0, J,5=0.5,
Jpp=2.0, We=1.2, and x =0.5. Here, we show
the temperature dependence of the order parame-
ters 17 and E:% > 15D [Fig. 3(a)] and the tem-
perature dependence of the specific heat (solid line)
and of the entropy [dashed line Fig. 3(b)]. In Fig.
4 we show the concentration dependence of AC at
Ty for the range x; <x <x,, where @, <®,. We
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FIG. 3. (a) Temperature dependence of the spatial
long-range order parameter 77 and average magnetization
£ for the case @), < ®, and the set of parameters
Jas4=1.0, J4p=0.5, Jpp=2.0, Wc=1.2, and x =0.5.

(b) Specific heat (full line) and entropy (dashed line) for
the same alloy, showing that the phase transitions at T
and T, are of the second kind.
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FIG. 4. Discontinuity of specific heat at Ty, as a func-
tion of the concentration of 4 atoms in an alloy with the
same parameters as those in Fig. 3. The inset figure =
shows the range x; <x <x, on the phase diagram where
@y <O The different phases are A and E disordered
ferromagnets, B disordered paramagnets, C ordered fer-
romagnets, and D ordered paramagnets.

show in the inset figure the phase diagram for this
alloy. The different phases are 4 and E disordered
ferromagnets, B disordered paramagnets, C ordered
ferromagnets, and D ordered paramagnets.

Figures 5—7 contain results for the third kind of
alloy discussed in Sec. II, i.e., ®y < ®,, and
Jap <<J 44, Jpp. The parameters used are J 44
=1.0, J45=0.25, Jpp =2.0, Wc=1.0. In Fig. §
we show the temperature dependence of 1, £, C,
and S for an alloy with x =0.5. In this case, we
have three critical temperatures: T, at which the
system becomes paramagnetic at low temperatures,
T, at which the system becomes ferromagnetic and
spatially disordered, and ®,; the Curie temperature
at high temperatures. At each of these tempera-
tures there is a discontinuity in the specific heat.
This is shown in Fig. 5(c). We show here also the
temperature dependence of the entropy. In Fig. 6
we display the results for an alloy with x =0.45
and the same parameters as in Fig. 5. In this case
there are only two transition temperatures T, and
®,. The paramagnetic gap present for x =0.5
vanishes, but there is a discontinuity in E at
T=T,. We see that there are two main differences
in C as compared with the results for x =0.5: (i)
the discontinuity at 7= Ty, becomes a shoulder
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FIG. 5. Temperature dependence of (a) 7, (b) €, and
(c) C (full line) and S (dashed line) for an alloy with
J4=1.0, J453=0.25, Jpp=2.0, W=1.0, and x =0.5.

and (ii) the finite C at T=T, becomes infinite.

The results for AC at T, for concentrations
Xx; <x <Xx, as well as the phase diagram are pre-
sented in Fig. 7. The phases 4, B, C, D, and E
are the same as those of Fig. 4. The results of AC
are similar to those displayed in Fig. 4, except the
sharp increase of the region near x;, where the sys-
tems pass through four phases as one increases the
temperature.

All our results stress the strong interdependence
of magnetism and spatial long-range order. Exper-
iments on this kind of systems would be desirable
to check the validity of our theory.



5276 MEJIA-LIRA, URIAS, AND MORAN-LOPEZ 24

09
'S \ (a)
[ 4
w
-
w
2 ost
-
a
&
[=}
4
o
I I 1 e
10
i (b)
- 4
o
&
N
E
z
© 05|
<
b
8
<
[ 4
s
<
] ] 1
15
= ©
R ENTROPY s
< —— SPECIFIC HEAT L
b Vd
2 “
< e
& <
g o
> e
] s
/
ﬁ /
&z /,
w /I
(-] /
Z
< 05} /
= /
b /
x ,'
o
g |/
a
L] 1 1 1
0.25 0.5 0.75 1.0

TEMPERATURE (T/8)

FIG. 6. Same as Fig. 5 with x =0.45. Note that, as
compared with Fig. 5, the discontinuity at 7= T} be-
comes a shoulder and C becomes infinite at T=T,.
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FIG. 7. Discontinuity of the specific heat at Ty, as a
function of the concentration of 4 atoms in an alloy
with same parameters as those in Fig. 5. The inset fig-
ure shows the range x; <x <x, on the phase diagram
where ®y < ®,. The phases marked 4, B, C, D, and E
are the same as those in Fig. 4.

ACKNOWLEDGMENTS

This work was supported in part by Direccion
General de Investigacin Cientifica Superacidn
Académica de la Secretaria de Educacion Publica
(México) under Contract No. 4105 A (80-283
4Y.01.02. UASLP) and by Programa Regional de
Desarrollo Cientifico de la Organizacion de Esta-
dos Americanos.

IC. R. Housaka, J. Phys. Chem. Solids 24, 95 (1963).

27. Rdcz and M. F. Collins, Phys. Rev. B 21, 229
(1980).

3R. A. Tahir-Kheli and T. Kawasaki, J. Phys. C 10,
2207 (1977).

4J. L. Moran-Ldpez and L. M. Falicov, Solid State
Commun. 31, 325 (1979).

5J. L. Moran-Ldpez and L. M. Falicov, J. Phys. C 13,
1715 (1980).

6L. Billiard, P. Villemain, and A. Chamberod, J. Phys.

C 22, 2815 (1978).

7F. Mejia-Lira, J. Urias, and J. L. Moran-Ldpez, Phys.

Rev. B 23, 3555 (1981).
8R. Kikuchi, J. Chem. Phys. 60, 1071 (1974).

9R. A. Swalin, Thermodynamics of Solids (Wiley, New
York, 1972).

10F. Brouers and A. V. Vedyayev, Solid State Commun.
9, 1521 (1971).

111, D. Landau and E. M. Lifshits, Statistical Physics
(Pergamon, Oxford, 1969).

12M. Hansen, Constitution of Binary Alloys (McGraw-
Hill, New York, 1958).

3c, Herring, Exchange Interaction Among Itinerant
Electrons in Magnetism, edited by G. T. Rado and H.
Suhl (Academic, New York, 1966), Vol. 4.

143, Orehotsky and K. Schroder, J. Phys. F 4, 196
(1974).



