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Abstract. The effect of annealing on the magnetic phase diagram for the amorphous La–Fe
alloy system has been investigated. The amorphous La–Fe alloys in the as-prepared state show
re-entrant spin-glass behaviour, and the ferromagnetic region is extended by annealing. The
Curie temperature and the magnetic moment per Fe atom are increased, and in contrast the spin
freezing temperature and the high-field susceptibility are decreased by annealing. The re-entrant
spin freezing temperature of the amorphous La30Fe70 alloy is not observed in the temperature
range down to 2.5 K. The magnetization curves show relatively good saturation after annealing.
The change in these magnetic properties on annealing is correlated with the structural change.

1. Introduction

Various amorphous Fe-based binary alloys have been investigated extensively (Moorjani
and Coey 1984, Hansen 1991). The magnetic phase diagrams of amorphous M–Fe (M
≡ metal) alloys are classified into three types (Fukamichiet al 1989a, Wakabayashiet
al 1990). The first group exhibits a direct transition from the paramagnetic to spin-glass
state, and amorphous Y–Fe alloys prepared by sputtering belong to this group (Chappert
et al 1981, Coeyet al 1981, Fukamichiet al 1989a, b). The second group shows re-
entrant spin-glass behaviour, that is the magnetic state changes from the paramagnetic to
the ferromagnetic state and finally re-enters a spin-glass state with decreasing temperature.
Several amorphous Fe-based alloy systems such as La–Fe, Ce–Fe and Lu–Fe belong to this
group (Fukamichiet al 1989a, b). The third group exhibits re-entrant spin-glass behaviour
in a limited concentration range, and ferromagnetic behaviour is observed in a wide range
of compositions. Amorphous Zr–Fe alloys are reported to fall within this type (Hiroyoshi
and Fukamichi 1981, 1982, Hiroyoshiet al 1983, Unruh and Chien 1983).

Since the magnetic properties are structure sensitive, various studies on the relation
between the magnetic properties and the structural change have been carried out (Egami
1983, 1984). For instance, the Curie temperature of an amorphous Zr19Ta7Fe74 alloy is
decreased by annealing due to the structural relaxation (Prater and Merz 1981). In particular,
the magnetic properties of amorphous Fe-based alloys would be drastically changed by
annealing because the Fe–Fe interatomic distance (Matsuuraet al 1988) is very close to
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the critical distance at which the ferromagnetic interaction with a large moment competes
with the antiferromagnetic interaction with a small moment at around 2.5Å (Wassermann
1990). Compared with other amorphous Fe-based alloys, amorphous Y–Fe alloys are quite
unique because these alloys prepared by sputtering transform from the paramagnetic to the
spin-glass state as mentioned before, but they exhibit re-entrant spin-glass behaviour in
weak external magnetic fields (Fujitaet al 1993) or on annealing (Suzukiet al 1994).

It has been reported that amorphous LaxFe100−x alloys (17.5 6 x 6 30.6) are
ferromagnetic because their magnetization curves show good saturation (Kazamaet al 1979,
1980). However, re-entrant spin-glass behaviour has been confirmed in the concentration
range 12.5 6 x 6 40 (Wakabayashiet al 1990). Since the amorphous La–Fe alloy system
has the lowest spin freezing temperature of various re-entrant-type amorphous Fe-based
alloys (Fukamichiet al 1989a, b, Wakabayashiet al 1990), it is expected that re-entrant
spin-glass behaviour in this system is suppressed by annealing.

In the present paper, the effect of annealing on the magnetic phase diagram of the
amorphous La–Fe alloy system has been investigated. Furthermore, a structural analysis
has been carried out by x-ray diffraction, and the change in the local atomic structure has
been correlated with the disappearance of the re-entrant spin-glass state.

2. Experimental details

Amorphous LaxFe100−x alloy samples (x = 10, 12.5, 15, 20, 25, 30, 33.3, 35 and
40) were prepared by high-rate DC sputtering on a water-cooled Cu substrate. Their
thickness was about 0.2 mm after continuous sputtering for 3 d. The pressure of
Ar gas and the target voltage during sputtering were 4× 10−2 Torr and 1.0 kV,
respectively. After sputtering, the Cu substrate was dissolved in a solvent, CrO3 (500 g) +
H2SO4 (27 cm3) + H2O (1000 cm3), heated at 320 K. Annealing was carried out in a
vacuum of 5×10−5 Torr at 473 K and 493 K for 0.5, 1, 2 and 3 h. The thermomagnetization
and the magnetic cooling effect were measured with a SQUID magnometer. The AC
magnetic susceptibility measurement from about 2.5 to 300 K was carried out by a mutual
inductance method at 1 Oe and 80 Hz. Magnetization curves up to 390 kOe were measured
using an induction method in a pulsed magnetic field (Yamadaet al 1986). In order
to calibrate the magnetization, measurements up to 55 kOe were also carried out with a
SQUID magnetometer. The structural change caused by annealing was investigated by x-
ray diffraction at room temperature. The room-temperature density was measured by the
Archimedean method using toluene as a working fluid. The detailed procedures of structural
analyses have been described elsewhere (Matsubaraet al 1992, Chianget al 1994).

3. Results and discussion

Figure 1 shows the annealing time dependence of the Curie temperatureTC for the
amorphous La33.3Fe66.7 alloy. The full circles and the open circles denote the results for
the alloys annealed at 473 K and 493 K, respectively. The triangle represents the result
for the as-prepared alloy. The temperatureTC has been determined as the inflection point
of the magnetizationM versus temperatureT curves measured in a low applied magnetic
field such as 30 Oe. As shown in the figure, a marked increase inTC occurs within about
0.5 h. Finally, the increase inTC is saturated on annealing at 493 K for 2 h and at 473 K
for 3 h. These results suggest that structural relaxation is substantially completed in these
conditions. In the present paper, almost all samples have been annealed at 473 K for 3 h.
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Figure 1. Annealing time dependence of the Curie temperature for the amorphous La33.3Fe66.7

alloy. The full circles and open circles denote the results for the alloys annealed at 473 K and
493 K, respectively. The triangle shows the result for the as-prepared alloy.

Figure 2. Temperature dependence of the ZFC and FC magnetizations measured at 30 Oe for
the amorphous La30Fe70 alloys in the as-prepared state and in the annealed state at 473 K for
3 h.

The temperature dependences of the zero-field-cooled (ZFC) and field-cooled (FC)
magnetization curves measured in 30 Oe for the amorphous La30Fe70 alloys in the as-
prepared state and in the annealed state at 473 K for 3 h are shown in figure 2. As
seen from the figure, the as-prepared sample exhibits a hysteresis between ZFC and FC
magnetizations, being consistent with the previous results (Wakabayashiet al 1990). On
the other hand, the annealed sample shows no hysteresis down to 2.5 K, indicating the
disappearance of the spin-glass state in the measured temperature range. From these results,
we can expect that annealing brings about the enlargement of the ferromagnetic region in
the magnetic phase diagram in a similar manner to the amorphous Y–Fe alloys (Suzukiet
al 1994).

Figure 3 shows the temperature dependence of magnetization M measured at 30 Oe



2056 S Terashima et al

Figure 3. Temperature dependence of the magnetiza-
tion measured at 30 Oe for the amorphous LaxFe100−x

alloys annealed at 473 K for 3 h.

Figure 4. Temperature dependence of the AC magnetic
susceptibility measured at 1 Oe and 80 Hz for the
amorphous LaxFe100−x alloys annealed at 473 K for
3 h. The arrows indicate the spin freezing temperature
Tf .

for amorphous LaxFe100−x alloys (x = 10, 12.5, 15, 20, 25, 33.3, 35 and 40) annealed at
473 K for 3 h. Almost all amorphous alloys show a decrease inM at low temperatures.
Since the spin freezing temperatureTf is very sensitive to the applied magnetic field, the
AC magnetic susceptibilityχAC has been measured in a very low magnetic field of 1 Oe.
Figure 4 shows the temperature dependence ofχAC measured at 1 Oe and 80 Hz for the
amorphous LaxFe100−x alloys annealed at 473 K for 3 h. As seen from the figure,χAC

decreases at low temperatures for all the measured samples except forx = 30. It should
be noted that no decrease inχAC is observed down to 2.5 K for the annealed amorphous
La30Fe70 alloy. Considering the results in figures 2–4, the annealed amorphous La30Fe70

alloy has no spin freezing temperatureTf down to 2.5 K, and other annealed amorphous
LaxFe100−x alloys (x = 10, 12.5, 15, 20, 25, 33.3, 35 and 40) are in the re-entrant spin-
glass state. The arrows in this figure showTf determined by the differential magnetic
susceptibility measurement. No drastic variation inχAC with temperature around 300 K is
observed abovex = 30 because the Curie temperature is higher than room temperature as
seen from figure 3. The flat temperature dependences of magnetization and susceptibility
in figures 3 and 4 are mainly attributed to the demagnetization effect.

Figure 5 shows the magnetic phase diagram thus determined for the amorphous La–
Fe alloy system annealed at 473 K for 3 h, together with that in the as-prepared state
(Wakabayashiet al 1990). The full circles and open circles denote the results for the former
and the latter, respectively. As shown in the figure, the ferromagnetic region becomes wider
on annealing, i.e.TC given by the solid line is increased and in contrastTf by the broken
line is decreased. It is worth noting that the amorphous La30Fe70 alloy has the highest
TC and the lowestTf in the as-prepared state as seen from the figure. Consequently, no
re-entrant spin-glass state is confirmed down to 2.5 K after annealing.

The magnetization curves up to 390 kOe measured at 4.2 K for the amorphous
LaxFe100−x alloys (x = 10, 15 and 20) annealed at 473 K for 3 h are shown in figure 6. The
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Figure 5. The magnetic phase diagram for the amorphous La–Fe alloy system. The open circles
and full circles denote the results for the as-prepared samples (Wakabayashiet al 1990) and for
the samples annealed at 473 K for 3 h, respectively. The Curie temperatureTC and the spin
freezing temperatureTf are given by the solid line and broken line, respectively.

Figure 6. Magnetization curves up to 390 kOe measured at 4.2 K for the amorphous LaxFe100−x

alloys (x = 10, 15 and 20) annealed at 473 K for 3 h.

high-field susceptibilityχhf and the magnetic momentµFe per Fe atom have been obtained
from the law of approach to saturation given by the following expression:

M = Ms

(
1 − a

Hn
− b

H 2

)
+ χhf H (1)

whereMs is the saturation magnetization,a andb are constants andH is the magntic field.
In the present paper, the termb/H 2 is ignored in equation (1) because this term is related to
magnetocrystalline anisotropy. The powern in the terma/Hn changes with respect to the
origin of the deviation (Chudnovskyet al 1986). In the present paper, the magnetization
curves for the annealed amorphous La–Fe alloys are well fitted by equation (1) with the
powern = 1, although equation (1) with the powern = 1/2 is suitable for the magnetization
curve for the as-prepared amorphous La7.5Fe92.5 alloy (Fujita et al 1995). Figures 7 and 8
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show the concentration dependences of the high-field susceptibilityχhf and the magnetic
momentµFe per Fe atom, respectively, for the amorphous La–Fe alloys annealed at 473 K
for 3 h, together with those in the as-prepared state (Wakabayashi 1988, Wakabayashiet al
1990). In these figures, the full circles and open circles denote the results for the annealed
alloys and the as-prepared alloys, respectively. As shown in figure 7,χhf of the former is
lower than that of the latter because the magnetization curves show good saturation. On the
other hand,µFe is slightly increased by annealing as seen from figure 8.

Since the magnetic properties discussed above are correlated to the structural change
induced by annealing, we have carried out a structural analysis. As shown in figure 1, an

Figure 7. Concentration dependence of the high-field susceptibilityχhf for the amorphous La–
Fe alloy system. The open circles and full circles denote the results for the as-prepared samples
(Wakabayashi 1988) and for the annealed samples at 473 K for 3 h, respectively.

Figure 8. Concentration dependence of the magnetic momentµFe per Fe atom for the
amorphous La–Fe alloy system. The open circles and full circles denote the results for the
as-prepared samples (Wakabayashiet al 1990) and for the annealed samples at 473 K for 3 h,
respectively.
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Figure 9. The interference functions of the amorphous La33.3Fe66.7 alloys. The solid line and
dotted line denote the results for the as-prepared sample and for the annealed sample at 493 K
for 0.5 h, respectively.

effective increase in the Curie temperatureTC is caused within about 0.5 h by annealing at
493 K, suggesting that the structural relaxation is substantially completed. Therefore, we
have used the sample annealed at 493 K for 0.5 h. The x-ray scattering intensities were
converted into absolute units per atom,I coh

eu (Q), by using the generalized Krogh–Moe–
Norman method (Wagneret al 1965) with the x-ray atomic scattering factors including
the anomalous dispersion correction (Ibers and Hamilton 1974) and the Compton scattering
terms (Cromer 1969). Then, the interference functionsQi(Q) for the present alloys are
obtained from the following equation:

Qi(Q) =
(

I coh
eu (Q) −

n∑
j=1

Cjf
2

j

)/( n∑
j=1

Cjfj

)2

(2)

whereQ is given as(4π sinθ)/λ, λ is the wavelength,n is the total number of constituent
elements, andCj andfj are the atomic fraction and the atomic scattering factor, respectively,
of the elementj . Figure 9 shows representative results onQi(Q) for the amorphous
La33.3Fe66.7 alloys in the as-prepared state and in the annealed state at 493 K for 0.5 h. The
solid line and dotted line denote the results for the former and the latter, respectively. The
exact radial distribution function (RDF) in real space is given by the following expression
(Warren 1969):

2π2rρ(r) = 2π2rρ0 +
∫ Qmax

0
Qi(Q) sin(Qr) dQ (3)

whereρ(r) is the radial number density function andρ0 is the average number density of the
sample. This RDF gives a better symmetrical shape for the peak than that of the conventional
RDF, which has great merit for the peak-fitting process to determine the coordination and
atomic distance. Figure 10 shows the RDF of the amorphous La33.3Fe66.7 alloys in the
as-prepared state and the annealed state at 493 K for 0.5 h. The solid line and dotted line
again denote the results for the former and the latter, respectively. Since the La atoms have
no magnetic moment, we pay attention to the nearest-neighbour Fe–Fe pair whose distance
is shown in figure 10. According to Mozzi–Warren (1969) method, the left-hand side of
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equation (3) can be written as follows:
n∑

j=1

n∑
k=1

Njk

rjk

∫ Qmax

0

fjfk

〈f 〉2
exp[−α2

jkQ
2] sin(Qrjk) dQ = 2π2rρ0 +

∫ Qmax

0
Qi(Q) sin(Qr) dQ

(4)

whererjk and Njk are the interatomic distance and the coordination number of j–k pairs,
respectively,fj andfk are the x-ray atomic scattering factors,〈f 〉 is the average atomic x-ray
scattering factor and the term exp[−α2

jkQ
2] is the convergence factor. In the present paper,

the values ofα for the as-prepared and annealed alloys are 0.021 and 0.016, respectively.
By calculating the left-hand side of equation (4) after fitting the experimental RDF to the
right-hand side, the interatomic distancerFe−Fe of the nearest-neighbour Fe–Fe pair, and
the coordination numberNFe−Fe of Fe atoms, respectively, have been obtained. The data
on rFe−Fe and NFe−Fe for the amorphous La33.3Fe66.7 alloys in the as-prepared state and
the annealed state at 493 K for 0.5 h are given in table 1. According to this table, there
are overlapping errors in bothrFe−Fe and NFe−Fe. However, the slight shift in the first
peak for Fe–Fe pairs at about 0.250 nm is clearly seen in figure 10. This shift cannot be
reversed even if the experimental error is taken into account. Therefore, the tendency of
increase in the atomic distance for Fe–Fe pairs is clearly evident experimentally although
the amount of the increase is small. Such a small change would result in a marked change
in the magnetic properties because the magnetic properties of Fe are very sensitive to the
atomic distance (Wassermann 1990). A similar result for an amorphous Y20Fe80 alloy has
been reported (Suzukiet al 1995). It is interesting to note that this alloy exhibits a transition
from the paramagnetic state to the spin-glass state which decreases in the as-prepared state,
but it shows re-entrant spin–glass behaviour after annealing (Suzukiet al 1994).

Figure 10. The exact RDFs of the amorphous La33.3Fe66.7 alloys. The solid line and dotted line
denote the results for the as-prepared sample and for the annealed sample at 493 K for 0.5 h,
respectively. The Fe–Fe indicates the distance of the nearest-neighbour Fe–Fe pair.

4. Conclusion

Amorphous LaxFe100−x alloys prepared by high-rate DC sputtering were annealed, and the
magnetic phase diagram has been investigated by AC and DC magnetic measurements. In
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Table 1. The interatomic distancerFe−Fe and the coordination numberNFe−Fe of the nearest-
neighbour Fe–Fe pair for the amorphous La33.3Fe66.7 alloys in the as-prepared state and in the
annealed state at 493 K for 0.5 h.

La33.3Fe66.7 rFe−Fe (nm) NFe−Fe

As prepared 0.252± 0.002 6.0 ± 0.3
Annealed 0.254± 0.002 6.2 ± 0.3

the present paper, we have pointed out that there are three types of magnetic phase diagram
for amorphous M–Fe (M≡ metal) alloy systems. By annealing, however, the present
amorphous LaxFe100−x alloy system becomes ferromagnatic atx = 30. This implies that
the three types of the magnetic phase diagram are not inherent in the Fe–based amorphous
alloy systems. The main results are summarized as follows.

(1) The ferromagnetic state is enhanced by annealing, namely the Curie temperature
is increased and the spin freezing temperature is decreased. In particular, the annealed
amorphous La30Fe70 alloy has no spin freezing temperature down to 2.5 K.

(2) The magnetic moment is increased and the high-field susceptibility is decreased by
annealing.

(3) The tendency of increase in the atomic distance on annealing is correlated with the
change in the magnetic properties.
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