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The theoretical Heisenberg model of an amorphous ferromagnet having
two magnetic components in the Bethe-Peierls—Weiss approximation was
applied to study the concentration dependence of the Curie temperature
of the Fe-TM-M alloys (TM — transition metal, M — metalloid). The
analysis of the experimental data in comparison with the model calculations
was performed.

PACS numbers: 75.50.Kj, 76.80.4+y, 75.50.Bb

1. Introduction

Experimental data show that the Curie temperatures (T¢) of transition metal
amorphous alloys follow the same trends but are systematically lower than the
Curie temperatures of crystalline alloys. It is also known that metal and metalloid
variations strongly affect the Curie temperature of transition metal amorphous
alloys. These facts can be explained as the effects of chemical environment and
structural disorder. .

_The Curie temperature has been measured for a large number of transi-
tion metal amorphous alloys. Figure 1 shows the concentration dependence of the
Curie temperature for the (Fe;—.TM,)soB2o (TM = Co, Ni, Mn, Cr, Ti, V) amor-
phous alloys published by us previously [1]. Because these experimental data are
restricted to low TM concentration, other experimental data in a wider concen-
tration range and with other glass-forming elements are presented as well [2-6].

Some qualitative features of the magnetic interaction are evident from the
observed concentration dependence of T¢. The high values of the Curie tempera-
ture of the Fe-rich samples indicate that the Fe-Fe exchange Jrere is ferromagnetic
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Fig. 1. Curie temperatures of transition metal-metalloid alloys as a function of
transition metal composition. Dashed lines follow the data. o (Fe1—cNic)soB2o,
v (Fel_ccoc)soBzo, [m] (Fe]__cMIlc)soBzo, Tull triang]c (Fe1_cCI‘c)soB20, flln diamond
(Fer—cVe)soB2o, @  (Fer-cTic)soB2o [1], O  (Fer-cNic)7sSiisBio (2],
m (Fe1—cCoc)75P16BsAls [3], + (Fei—cMnc)rsPisBsAls [4], * (Fei—cNic)soBzo [5),
A (Fei_cCrc)seBis, o (Fer-cVe)soB2o [6].

and large. In the case of Fe-Ni and Fe-Co amorphous alloys a maximum at a cer-
tain intermediate concentration is observed, which may be interpreted assuming

that Fe-Ni or Fe-Co interaction is greater than that between the same species
of atoms. For Fe-Co alloys the experimental data vary relatively slowly with Co
concentration and suggest that Jreco > Jcoco > Jrere. In the Fe-Ni samples, the
Curie temperature drops rapidly for decreasing Fe content. This is consistent with
the assumption that Jreni > Jrere and Jnini = 0. Unlike the Fe-Co and Fe-Ni
samples, in the Fe-Mn, Fe~Cr, Fe-V, Fe-Ti alloys a large linear decrease in T¢ is
observed. This unusual behaviour is due to the presence of an antiferromagnetic
exchange interaction. The samples with low Fe concentrations, where competing
ferromagnetic and antiferromagnetic interaction occur, show spin-glass-like charac-
teristics. In order to obtain more quantitative information regarding the exchange
interactions, one can compare the observed data with theoretical results using
various models. A number of effective field approaches have been advanced to
interpret the experimental data. The simplest theory which can explain the tran-
sition from the ordered ferromagnetic phase to the disordered paramagnetic phase
is the molecular field approximation (MFA). Moreover, the MFA cannot be used
to study the onset of ferromagnetism in amorphous solids since it does not predict
a critical concentration. Another objection to the MFA in amorphous ferromag-
nets lies in the absence of the effect of fluctuations in exchange interactions on Tc.
Therefore, it is necessary to investigate the effect of disorder within the framework



Curie Temperature of Amorphous Ferromagnets ... 571

of other effective field methods. The disordered composition dependent exchange
interaction can be treated in a coherent potential approximation (CPA). In the
weak scattering limit the CPA reduces to the results of the mean field theory.
However, in the strong scattering limit, the CPA predicts such effects as a critical
. concentration for the appearance of ferromagnetism which is beyond the scope of
the mean field theory.

In amorphous materials a profound change of magnetic properties, in com-
parison with those for the related crystalline ones, may occur due to the fluctu-
ations of the number of nearest neighbours around their mean value, which can
be equal to the related crystalline one. The theoretical background of this prob-
lem has been studied within the framework of the Bethe-Peierls—-Weiss (BPW)
approximation for a classical Heisenberg ferromagnet.

2. Results and discussion

To study the concentration dependence of the Curie temperature we applied
the theoretical Ileisenberg model of an amorphous ferromagnet of the type A;_.B.
having two magnetic components in the Bethe-Peierls~Weiss approximation for
classical spins, developed by Swiderczak et al. [7]- This model is the extension of
the calculations performed by Bobak [8] and Maksymowicz [9] on amorphous fer-
romagnets with one component magnetic and the other nonmagnetic. In the paper
of Swiderczak et al. only theoretical possibility of the model has been presented. In
this paper we try to use this model to explain experimentally observed concentra-
tion dependence of the Curie temperature. We choose this method of calculations
because it allows us to investigate the atomic short range order effect on magnetic
properties of Fe~TM-M amorphous alloys.

The parameters of the model are: Jaa, JaB, /B — exchange integrals for
the pairs of nearest neighbours AA, BB, AB respectively, Sa, S — spins for
the A and B atoms respectively, (Za), (ZB) — mean values of the coordination
numbers Za, Zp around A atoms and B atoms respectively (both averages are
taken over all atoms of the same kind), § — parameter which takes into account
the differences between the mean values of the coordination number Za and Zgp
around A and B atoms respectively defined as
(Za) — (ZB)

(Za)
A%, A} — mean square fluctuation of the coordination number

o {(Za =20
A (Za)?

and similarly for B atoms (A% = 0 for crystalline system; for amorphous alloy A%
varies from 0.01 to 0.1), « — Cowley’s parameter which reflects deviations from
the complex disorder, when all the atoms are distributed randomly, « is defined
as

6=

=1~ (ZaB)

(ZXs) |

(Zap) is the mean number of B atoms in the nearest neighbour coordination shell
of A-type atom and (Z}g) is the same number in the completely random system.
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Positive a describes tendency to clustering of atoms of the same kind and has
the maximum value & = 1, negative « describes tendency to clustering A-B pairs
(chemical ordering), the lower bound for & = amin is given in Ref. [7], @ = 0
describes a fully disordered system. We expect the values A% = 0.1 and @ = omin
to be consistent with typical conditions in some amorphous alloys [9].
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Fig. 2. Curie temperature for Fe-Co alloys as a function of transition metal concen-
tration. Solid lines are the model calculations for & = 0, dashed lines — for a = amin,
full diamond (Fej—~cCoc)soBa2o [1], 4+ (Fei~cCoc)rsP16BsAls [3].
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Fig. 3. Curie temperature for Fe~Ni alloys as a function of transition metal concentra-
tion. Solid lines are the model calculations for o = 0, dashed lines — for & = amin, full
diamond (Fel...cNic)soBzo [1], [ ] (Fel_cNiC)‘]sSilsBlo [2], + (Fe;_cNic)soBzo [5]
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Iig. 4. Curie temperature for Fe-Mn alloys as a function of transition metal concen-
tration. Solid lines are the model calculations for & = 0, dashed lines — for o = amin,
full diamond (Fel_,;lv[nc)aoBzo [1], + (Fel._cl\{nc)TsmesAls [4]
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Fig. 5. Curie temperature for Fe-Cr alloys as a function of transition metal concentra-
tion. Solid lines are the model calculations for & = 0, full diamond (Fej—.Crc)soB2o [1],
+ (Fe1-cCrc)seBis [6].

Various combinations of these parameters were used in our calculations. It
was established that the results do not depend essentially on the values of A% (plots
of Tc are consistent to within 1% for A% = 0 and A% = 0.1), so only one value
A% = 0.1 was taken. The atomic short-range order was considered in the two
limiting cases, a = 0 for a random system and & = anin for fully ordered one. The
calculations were performed for one value of § = 0, this means Zp = Zg = 12.
Spin Spe = 2, exchange integral Jrere = 1 (scaled to agree with the experimental
point ¢ = 0). The other parameters such as Sg, Jren, Jpp are diflerent for different
systems. Figures 2-7 show application of the model to the Fe-TM-M alloys. All



574 E. Nowakowska et al.

0.0 0.2 04 0.6 0.8 1.0

Fig. 6. Curie temperature for Fe~V alloys as a function of transition metal concentra-
tion. Solid lines are the model calculations for a = 0, full diamond (Fei—cV¢)soB2o [1],

+ (Fe1—cVe)soB2o [6].
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Fig. 7. Curie temperature {or Fe-Ti alloys as a function of transition metal concentra-
tion. Solid lines are the model calculations for o = 0, full diamond (Fe;_Tic)soBzo [1].

figures show the concentration dependence of T¢. Points are the experimental data.
Solid lines are the predictions of the model for @ = 0, dashed lines in Fig. 2—4 for
@ = apin. The theoretical calculations were performed for different values of ex-
change interaction Jrep. It was established that the variation of exchange integral
JreB causes interesting changes in the Curie temperature against concentration
plot. The influence of short range ordering on T¢ is also observed. For o = 0, T¢
is a quite linear function of concentration ¢ of the B component. The shape of this
curve changes drastically when o # 0, it is no more linear and a local extremum is
observed (Figs. 2, 3). For Fe-Mn (Fig. 4) the effect of atomic short-range order is
small and reduces to a translation. The same relation is obtained for Fe-Cr, Fe-V,
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Fe-Ti amorphous alloys and the results of the calculations for & = oy, are not
shown in Figs. 5-7.

For Fe-Co system (Fig. 2) Sco = 1, Jooco = 2.8 to agree with the Curie
temperature of the experimental point ¢ = 1, Jreco = X JpeFe, Where X = 0.5 +3
with increment 0.5 (X is the number written on the solid curve). Good agreement
of theoretical calculations and experimental data is observed. The experimental
points agree with the results of the calculations X = 1.5, this means Jpeco =
1.5JpeFe. The curves X = 1.5 for « = 0 and o = apmmin are almost identical. The
significant differences between the curves for @ = 0 and & = amin can be observed
when X # 1.5.

For Fe-Ni system (Fig. 3) Sni = 0.5, Jnini = 0, JreNi = X Jpere Where
X = —0.5=+3 with increment 0.5. Contrary to alloys with Co, Jreni do not remain
constant for different Ni concentrations. For low values of ¢ the experimental data
agree with the curve X = 3. For higher concentrations the experimental values
decrease more than the theoretical calculations. In this case the model calcula-
tions are not completely consistent with the experimental data, in particular for
@ = @min. The theoretical calculations of exchange interactions were performed in
Ref. [10]. By fitting the measured values of Tc to the results of a coherent poten-
tial approximation, exchange interaction Jreni = 1.3JFere, JniNi = 0 and critical
concentration of e for the appearance of ferromagnetism . = 0.1 were estimated.

For Fe-Mn system (Fig. 4) Smn = 2.5, /MaMa = 0.01, Jremn =
X+/Treredninvn, Where X = —3, =2 with increment 1. Good agreement with ex-
perimental data was obtained for positive value of JyMnMn. Atoms of Mn interact
usually antiferromagnetically (JMnpa < 0) but in some alloys they can interact
ferromagnetically, so we put exchange integral Jmamn positive to the calculations.
The effect of metalloid type on exchange interaction in amorphous alloys is ob-
served. The experimental points for (Fey—cMn.)soB20 agree with the curve X =1
and suggest the ferromagnetic coupling of Fe and Mn (Jremn is positive). In the
case of (Fe;—Mn.)7sP16BsAl3 experimental points suggest antiferromagnetic cou-
pling of Fe and Mn (X = —2, Jremn is negative). The values of Jremn depend on
the kind of metalloid. Jrenn decreases as boron is replaced by other metalloids.
The existence of critical concentration is evident. The curves with experimental
data finish for ¢ < 0.5.

For Fe-Cr alloys (Fig. 5) Scr = 1, Jerer = —2, Jrecr = XJFeFe, for Fe-V
alloys (Fig. 6) Sv = 0.5, Jyv = =2, Jrev = X JFeFe, for Fe-Ti alloys (Fig. 7)
Sti = 0.5, Jriti = —2, JreTi = XJrere. In the case of Fe-Cr, Fe-Ti, and Fe-V
the calculations were performed for negative values of Jren (X = -3+ 0 with
increment 0.5). The experimental data suggest the antiferromagnetic interaction
of Cr, Ti, V with Fe. »

On the basis of Figs. 2-4 one can conclude that the experimental data of
the concentration dependence of Tg in transition metal base amorphous alloys
do not strongly reflect the effects of structural disorder. The accuracy of deriva- -
tive thermal magnetogravimetry (DTMG) technique [11] applied by us to the
measurements of T is sufficient to show irregularities obtained from the model
calculations for @ = @&min, but Tc obtained from experiment is a smooth function
of alloy composition over the entire range like the model calculations for o = 0.
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In summary, it appears that the results of comparison of the experimental
data with the model calculations do not provide unambiguous answers concerning
effects of structural and chemical disorder on T¢ in the amorphous alloys of the
type Fe-TM-M. In this regard the method of calculations goes not so far {from the
typical molecular field approximation. The above analysis allows us to formulate
only the qualitative conclusions about exchange interactions. In the case of Fe-Co
the exchange interaction of Fe and Co is ferromagnetic and strong. For Fe~-Mn the
kind of interaction (ferromagnetic or antiferromagnetic) depends on the composi-
tion of the alloy. Cr, Ti, V interact aniferromagnetically with Fe. In the case of
Fe—Ni a more complex coupling is evident.
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