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Abstract. A magnetic phase diagram of Fe-rich amorphous Fey-,La, alloys has been
determined from high-field magnetisation and AC susceptibility measurements. The alloys
with x > 10 are ferromagnetic, but show a re-entrant spin glass behaviour at low tempera-
tures. The ferromagnetic state becomes unstable when x approaches 10. For x < 10, the
ferromagnetic state disappears and a direct transition from a paramagnetic to a spin glass
state is observed. Extrapolation of the phase diagram to x'= 0 suggests that pure amorphous
Fe is no longer a ferromagnet but a spin glass with a freezing temperature of about 110 K.
Theirreversible process of magnetisation characterising the theoretically proposed spin glass
picture has been observed in the low-temperature phases of the alloys.

1. Introduction

Recent investigations on amorphous (a-) Fe-based binary alloys indicate that the ferro-
magnetism becomes unstable when they are highly concentrated with Fe. Fe-rich a-
Feg-,G, (G = metalloid) alloys such as a-Fe,q ., B, exhibit a normal ferromagnetic
(FM) behaviour with relatively high Curie temperatures (e.g. T > 450 K for a-Fey_ B,
with x > 10) (Fukamichi et al 1979, Chien and Unruh 1982), but both the Curie tem-
perature and the average magnetisation per Fe atom deduced from the saturation
magnetisation measurements decrease as x approaches zero (Hiroyoshi et al 1978).
Among a-Fe,y_(ET), (ET = early transition metal), a-Fe o _,Zr, has been inves-
tigated most extensively. It is ferromagnetic for x < 55 (Unruh and Chien 1983). The
Curie temperature increases to a maximum value at x ~ 20 and decreases rapidly as x
decreases. Atlow temperatures the alloy shows aspin-glass-like behaviour, for example,
the thermomagnetic history, the asymmetric hysteresis loop (Hiroyoshi and Fukamichi
1981, 1982) and the large high-field susceptibility (Hiroyoshi er a/ 1983). Saito et al (1986)
concluded from the AC susceptibility measurements that a-Feg, ,Zr1 4 is near the critical
concentration below which the ferromagnetic order collapses, and that alloys with
x < 7.6 may show the direct transition from a paramagnetic (PM) to a spin glass (SG)
phase. A similar conclusion was attained later by Ryan et al (1987a). Some authors
rejected the spin glass picture and attributed the unusual low-temperature behaviour to
an exponential increase of magnetic hardness in a normal ferromagnet due to domain
wall pinning by antiferromagneticinclusions (Read er al 1984, 1986). a-Fe, o _ Hf, shows
a similar behaviour to a-Feq,_,Zr, (Hiroyoshi et al 1985, Ryan et al 1987b). Quite
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contrary to these alloy systems, a-Fey_,Y, alloys do not have a ferromagnetic phase,
but show a $G transition in the composition range x < 60 (Coey et al 1981, Chappert et
al 1981). The sG temperature increases with decreasing x and is saturated to be about
110 K for x < 20.

All the results described above suggest that the instability of ferromagnetism occurs
in highly concentrated Fe-based amorphous alloys (Fukamichi et a/ 1989). Present
investigations on Fe-rich a-Fe o _,La, is intended to achieve a better understanding of
the ferromagnetic instability and the magnetic properties of pure amorphous Fe. We
chose La as a glass former for the following reasons: (i) among ET elements, La has
the largest glass-forming ability as it has the largest atomic radius and the largest
electronegativity difference against Fe, and the amorphous state can thereby be stabil-
ised with the smallest amount of glass former (Fukamichi and Hiroyoshi 1985); (ii) the
Fe-La alloy system forms no intermetallic compound (Kubaschewski 1982), which
ensures that the alloy is in the amorphous state from chemical short-range ordering
corresponding to a crystalline phase; (iii) there has not been much work done on the
system (Heiman and Kazama 1979, Kazama et a/ 1980) and no results have been obtained
for the Fe-rich region x < 15.

2. Experimental procedure

Bulk a-Fe_,La, alloys 0.1-0.3 mm thick with nominal compositions x of 7.5, 10.0,
12.5,15.0,17.5, 20.0, 25.0, 30.0, 35.0, 40.0, 45.0 and 50 were prepared by high-rate bC
sputtering at an Ar gas pressure of 40 mTorr and a target voltage of 1.0 kV. They were
deposited onto water-cooled Cu substrates of 45 mm diameter and were confirmed to
be amorphous by x-ray diffraction. The substrates were dissolved away in a solvent of
H,0(1000 cm?) + CrO4(500 g) + H,SO4(27 cm?®). Strip samples (typically 1.5 X
12 x 0.2 mm?®) were used for the magnetic measurements where external fields are
applied along the longest axes.

The magnetisation curves up to 90 kOe were measured by an extraction-type mag-
netometer with a superconducting magnet. The high-field magnetisation measurements
up to 240 kOe were made by an induction method with a wire wound pulse magnet.
Duration time of the pulse field was 9 ms. The AC susceptibility measurements were
performed by means of a conventional mutual inductance technique at a frequency of
80 Hz in a field amplitude of 1 Oe. The non-linear AC susceptibility was measured
simultaneously for a-Feg, sLa; s by detecting the third higher harmonic of the induced
signal.

3. Results and discussion

3.1. Magnetic phase diagram of the Fe-rich a-Fe 5, La,

We first present the overall magnetic properties of Fe-rich a-Fe g _,La,. The mag-
netisation curves at 4.2 K up to 90 kOe are shown in figure 1. The magnetisation with
x = 201is almost saturated at 40 kOe as for a normal ferromagnetic, but the saturation is
incomplete for x < 20 even at 90 kOe.

We extended the magnetisation measurements at 4.2 K for a-Feg, sLa;;s and a-
Feq, sLay 5 up to 240 kOe using a pulse magnet. The results are shown in figure 2. The



Magnetic properties of Fe-rich amorphous Fe-La 419

=y
<

- x=10 ol

oo e
,09‘»6’& i
P

M {emu g™
=3
—r,
QU

5
&

L 1 ]

‘T o e =
. 40 (Y o s bme Ak A kb

15

._...-.:;;g 15

o
0 P
Zo 2
w2

.

25

35

40

0 40
H (kQe)

80

140

120

100+

L 1 1

1
0 80 160
H (kOe)

240

Figure 1. High-field magnetisation (M) curves of
a-Fey-,La, at 4.2 K in steady fields (H) up to
90 kOe.

Figure 2. High-field magnetisation (M) curves of
(a) a-Feg sLa;; sand (b) a-Fegy sLas s, bothat4.2 K
in pulsed fields (H) up to 240 kOe.

magnetisation of a-Feg, sL.a;; 5 is completely saturated above 140 kOe. For a-Feq, sLa, s,
anomalously large hysteresis is observed up to about 150 kOe, but the saturation is
almost achieved at the maximum field of 240 kOe. The anomalously large saturation
fields imply that a non-collinear spin structure is realised in both samples. Since random
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local anisotropy of single-ion type cannot be a dominant mechanism hampering parallel
alignment of spins to the applied field in such amorphous alloys without non-S state 4f
elements, the non-collinear spin structure must be caused by the existence of anti-
ferromagnetic interactions.

We determined the saturation magnetisation of a-Fe o _,La, by extrapolating the
data in the saturation region linearly to zero field. The results are plotted in figure 3.
With increasing x, the saturation value increases up to 2.06 ug/Fe at x = 25 and then
decreasesslightlyin the lower concentration region. The results are consistent with those
of the Méssbauer measurements, which has been reported elsewhere (Wakabayashi et
al 1989).

The temperature dependence of the AC susceptibility for a-Fe o, _,La, is shown in
figure 4. As the temperature decreases, the AC susceptibility increases for x = 25-35
sharply at the Curie temperature (7) to a maximum value, keeps almost constant and
then drops off abruptly at low temperatures. This behaviour is typical of a re-entrant
spin glass (RsG) or a mictomagnet. The drop-off of the susceptibility is usually related
to the transition from a FM to a RSG state (Verbeek er al 1978). Since the onset of the
drop-off is rather vague, the transition temperature (7;) is defined by the ‘shoulder’ in
the temperature dependence of the susceptibility. As for the samples with x = 12.5-20
and 40-50, the pM~FM transition is somewhat smeared. The AC susceptibility begins to
increase gradually just above T.. These results are in contrast with earlier work (Heiman
and Kazama 1979, Kazama et a/ 1980), which characterises a-Fe oy - La, withx = 17.5-
31 as a simple ferromagnet. They could not observe the RSG behaviour because they
measured the magnetisation only in static fields above 1 kOe. The AC susceptibility with
x < 10 does not show any sharp increase corresponding to the PM—FM transition, but
exhibits a cusp characterising a direct PM—SG transition at a temperature of T,. Thus no
FM phase persists in this concentration range. This observation is quite consistent with
the results of the magnetisation measurements described above.

Three kinds of transition temperatures T, Tt and T, are plotted on the magnetic
phase diagram of a-Feq,_,La, shown in figure 5. The Curie temperature rises to a
maximum value of 289 K at x = 30 and then falls rapidly for x < 15 with decreasing x.
This behaviour has been observed in common in ferromagnetic Fe-rich amorphous
alloys as described in the Introduction. The development of antiferromagnetic inter-
actions must be responsible for the decrease of the Curie temperature because there is
no abrupt decrease in the average Fe moment as shown in figure 3. This development is
also verified by the fact that the magnetic saturation becomes extremely difficult in the
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concentration range x < 15 (see figure 1). The magnetic phase diagram indicates that
the three lines of T¢, T, and Ty meet at x = 10~11.

3.2. Magnetic properties of the most Fe-concentrated a-Fey,_ . La,

In this section, we discuss the sG behaviour of a-Fey _,La, with x < 10 using the results
of a-Feg, sLa; 5. The temperature dependence of the magnetisation in several constant
fields is shown in figure 6. Both the zero-field-cooled magnetisation (Mzgc) and the field-
cooled one (Mgc) were measured on heating after the sample was cooled from room
temperature to 4.2 K. The two measurement curves for H > 50 Oe merge into one curve
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Figure 6. Temperature dependence of the zero-field-cooled and field-cooled magnetisation
for a-Fey, sLa; s in various magnetic fields: (a) H < 100 Oe, (b) 100 < H < 10000 Oe.

at T, and the magnetisation is reversible above T, as in normal sG systems. However,
the magnetisation measured at 5 Oe is irreversible up to room temperature. The value
of M/H corresponding to the susceptibility depends on the field even at temperatures
well above T, and the temperature dependence does not obey the Curie-Weiss law at
any value of H. These results suggest that the high-temperature phase above T, is not
simply paramagnetic. The non-linear response to the field and the deviation from the
Curie-Weiss law above T, are reminiscent of the development of short-range ferro-
magnetic order or the formation of ferromagnetic clusters. We distinguish the concept
of ferromagnetic short-range order from that of the ferromagnetic cluster as follows: the
former describes the small region where spins are ferromagnetically correlated, but
fluctuate with time. The time average of magnetisation in this region is zero in zero
applied field. On the other hand, the latter means a much larger region containing a
large enough number of spins to maintain a thermodynamically stable ferromagnetic
state within the region. Since the irreversible behaviour persists up to 280 K, the short-
range-order picture cannot explain the field cooling effect. On the other hand, M- must
be different from M if some ferromagnetic clusters are formed: the magnetisation in
each cluster takes a direction parallel to the local easy axis of the cluster if the cluster is
formed in zero applied field, whereas the magnetisation may have a larger component
parallel to the field direction if the cluster is formed in the applied field. The fact that a
comparatively small field of about 50 Oe can suppress the irreversible behaviour suggests
that the field can align the ferromagnetic clusters formed in zero applied field. The
number of clusters is considered to be very small because they cannot be detected by the
Mossbauer experiment (Wakabayashi et al 1989).
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Figure 7 displays the non-linear AC susceptibility (,) as well as the AC susceptibility
{(xo) for a-Feg, sLa; 5 measured simultaneously in an AC field of 10 Oe at 80 Hz. In
addition to the sharp anomaly centred at 7,, two broad peaks at around 70 and 250 K
are found in the temperature variation of y,, whereas y, shows no anomaly on both sides
of the cusp at T,. It should be noted that the sign of x, is negative which is opposite to
the sign of y,. The peak of x, at T, is so steep that it is regarded as the divergence of x,,
which is well established theoretically as well as experimentally in spin glass systems
(Chowdhury 1986). The fact that the centre peak of y, is found only in the vicinity of 7,
suggests that the transition at 7, is a cooperative phase transition rather than a blocking
of some magnetic entities. On the contrary, the other two peaks of y,, situated on either
side of the central one, are very broad, indicating that any uniform phase transition does
not take place. Considering the results of the magnetisation measurements, the most
likely situation is that some ferromagnetic clusters are formed successively above T, as
the temperature is lowered. Such magnetically inhomogeneous behaviour must result
from the fluctuation of exchange interactions, which in turn results from the con-
centration fluctuation. Referring to the magnetic phase diagram of figure 5, a more Fe-
concentrated region than average composition is not ferromagnetic and cannot be
responsible for the broad peak of x, above T,,. On the other hand, aless Fe-concentrated
region (10-15 at.% La) is ferromagnetic with the Curie temperature less than 260 K,
which is in accordance with the peak around 250 K. The lower temperature peak around
70 K is more difficult to assign. One possibility is that this broad peak corresponds to the
RSG transition of the above ferromagnetic clusters.

3.3. Magnetic properties of less Fe concentrated a-Fe;p_,La,

The Fe-rich a-Feqqy_,La, with x > 10 is ferromagnetic but indicates the RSG behaviour
at low temperatures as described in § 3.1. The Curie temperature becomes a maximum
at x = 30. As x deviates from 30, the Curie temperature decreases and the PM—FM
transition is somewhat smeared.

Figure 8 shows the zZFC magnetisation M ¢ and the FC magnetisation M. for a-
Feg, sLa;; sinseveral applied fields. Infields higher than 50 Oe, anirreversibility appears
well below T, = 265 K, while a weak irreversibility persists up to a much higher tem-
perature (240 K) near T at H = 20 Oe. This behaviour is observed for x = 12.5-20 and
x = 40-50. On the other hand, the weak irreversibility in the low field is not found for
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Figure 8. Temperature dependence of the zero-field-cooled and field-cooled magnetisation

for a-Feg, sLa,; 5 in various magnetic fields. For comparison, the experimental data of a-
Fe, Lay in a field of 22 Oe are also shown.
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300 Figure 9. Temperature dependence of the
coercive force for a-Feg, sLa;ss.

x = 25-35. The zrC and FC magnetisation of a-FesLasg at 22 Oe is shown for comparison
in figure 8. The PM—FM transition is not smeared, but is well defined by a sharp increase
of the magnetisation up to the demagnetisation limit. The irreversibility of the mag-
netisation appears only at low temperatures, well below T¢.

Apart from the weak irreversibility, the strong irreversible behaviour of the mag-
netisation observed well below T as well as the drop-off of the AC susceptibility for
x > 10 are usually regarded as evidence of the RsG behaviour. However, some inves-
tigators (Read eral 1984, 1986) attributed these behavioursto alow-temperatureincrease
of magnetic hardnessin a normal ferromagnet. Indeed the coercive force of a-Feg, sL.a;s 5
increases drastically near the RSG temperature determined by the AC susceptibility
measurements as shown in figure 9.
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To elucidate this point, we examined the magnetisation process of a-Feg, sL.a;; 5 in
detail, as shown in figure 10. The measurement was made in the order of the numbers
on the figure. The bold curves indicate the temperature sweep process in the constant
field Hy = 25 Oe. The lines represent the magnetisation change due to the field change
AH at a constant temperature. The field change AH (in Oe) is shown in parentheses.
The broken line indicates the temperature sweep process in the field Hy + AH. After
zero-field cooling to the point 0, the magnetisation measurement starts in the field H,
from the point 1. If the system is heated without changing the field, the magnetisation
traces the curve 1 — 24, which indicates the usual temperature variation of Mzgc. If the
fieldisreduced by — AH atacertain halfway temperature T, the magnetisationdecreases
(2— 3). This process is reversible. After the field cooling in the reduced field Hy, — AH
(3— 4) to a lower temperature T, an increase of the field by the same amount AH at
T, puts the system in a different state with a different magnetisation (4 — 5) from the
state where the system originally started at the same temperature and field (7, Hy).
Thus the subsequent heating in the field H, produces a different curve (branch) on the
M-T diagram. The interesting fact is that this new curve retraces back to the original
curve at T, where the field was reduced at the beginning (5 — 2). Furthermore, we can
drawsimilar cycles from an arbitrary point on this new branch with different field changes
(6—7—8—>9—10,10— 11...), producing an arbitrary number of branches. The
heating process after cooling from any point without changing the field, which is the
special case of the above cycles, is reversible (14 — 15— 16, 17 — 18 — 19). If the field
is increased by AH from H, at any temperature, the irreversibility in the magnetisation
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appears (19— 20). The subsequent field cooling in Hy + AH and field reduction by
—AH at a lower temperature also produces a new state (20— 21 — 22). However, the
magnetisation in the temperature sweep in H does not return back to the point 19 where
the field was originally changed, but retraces back to the original curve at a much higher
temperature (22 — 23): the cycle does not close in this case. Thus all the states produced
bythe coolinginthe temporally reduced field are governed by thestate at the temperature
where the field is changed, and even the states produced by the cooling in the temporally
increased field are governed by a past state at a higher temperature.

Theirreversible behaviour described hereisnaturallyinterpreted by the theoretically
proposed picture of the sG phase where a large number of metastable states cor-
responding to minima (valleys) of the free energy exist in the phase space (e.g. Palmer
1983). The states with different magnetisations at the same temperature 7 and field H,
(represented by the bold curves in figure 10) may correspond to states in the different
valleys branched from a single valley at a higher temperature T’ by the field cooling in
the temporally reduced field. Here we suppose that the field reduction by — AH followed
by the field increase by AH at a constant temperature does not produce irreversibility:
this procedure does not put the system on a different valley, which is consistent with the
experimental results. On the other hand, the field increase before the field reduction at
T puts the system in a different valley, producing some irreversibility, but this valley is
considered to be branched from a valley at a higher temperature 7" > T. The low-
temperature increase of the coercive force shownin figure 9is attributed to the enormous
increase in the number of valleys at low temperatures.

The sG picture, however, is not always applied to the interpretation of the irreversible
behaviour of magnetisation because a ferromagnetic character is not lost even at the
lowest temperature, and thereby the change of magnetisation must reflect the domain
wall motion in some way. However, it is very difficult to explain the above behaviour in
terms of simple thermal activation of the domain wall motion. For example, there is no
reason for the magnetisation at the point 5 or 22 in figure 10 to return back to the point
23, if the magnetisation at the point 1 changes to the point 5 or 22 by overcoming a large
number of energy barriers produced by the usual wall-pinning mechanism. The following
three facts are also favourable to the sG picture: (a) the same irreversible behaviour
has also been found in a-Feq, sLa; s without the FM phase; (b) all the features of this
irreversible behaviour of the magnetisation have been reproduced by a simplified mean-
field numerical approach to the Ising system (Soukoulis e al 1983), in which competing
nearest-neighbour interactions are randomly distributed on a two-dimensional square
lattice (30 x 30) with a zero-mean Gaussian distribution (Wakabayashi 1988); (¢) our
recent Mossbauer study on a-Feg, ;La;; 5 has found that an anomalous increase in the
average hyperfine field sets in at 70 K above T; (Wakabayashi et a/ 1989). Since the
increase of hyperfine field is ascribed to a random freezing of the transverse component
of spins perpendicular to the FM ordering (Takeda et al 1985), the RSG phase can be
characterised as a mixed phase with the FM and the sG ordering. Thus, domain formation
due to the existence of FM ordering as well as the magnetisation process must be affected
by the freezing of the transverse component. We believe that the unusual irreversible
behaviour observed in Feg, sL.a;- 5 is quite different from that in a simple ferromagnet
and has spin glass character.

It is expected that the alloys with more than 50% La lose the FM phase and show a
PM-SG transition near the onset of ferromagnetism. The nature of this sG phase and its
origin are probably different from that of highly Fe-concentrated alloys, but they are
outside the scope of this paper.
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Figure 11. Three types of schematic phase diagrams, A, B and C, realisedin the a-Fe o ,ET,

alloy systems. The A type is observed in a-Fe~Zr and a-Fe—H{, the B type in a-Fe-La, a-Fe-
Ce and a-Fe-Lu, and the C type in a-Fe-Y.

3.4. Magnetism of pure amorphous Fe

Inordertodiscuss magnetismof pure amorphousFe, schematic phase diagrams observed
inthe a-Fe o _ ET, alloy systems are shown in figure 11. They can be classified into three
types (Fukamichi er al 1989). The A type phase diagram consists of the following
six concentration regions indicating different magnetic properties: (a) PM— $G, (b)
PM — FM — RSG, (¢) PM— FM, (d) PM—> FM—> RSG, (¢) PM— SG and (f) PM, which
appear successively as the concentration x increases. In a-Fe—Zr and a-Fe-Hf systems
(Hiroyoshi et al 1985, Saito et al 1986, Ryan et al 1987a, b), (a) has not been observed
clearlyin the Fe-rich region yet, but their phase diagrams are considered to be essentially
A type. The B type does not have (c), where the FM phase region is usually narrower
than thatin the A type. The phase diagram of a-Fe-La belongs to the B type. Our recent
studies on a-Fe—Ce and a-Fe—Lu systems (Fukamichi et al 1988, Goto etal 1990) revealed
that their phase diagrams are A type. The C type does not have (b), (c) and (d) because
an FM phase disappears. This unique phase diagram was discovered in the a-Fe~Y system
(Coey et al 1981, Chappert er al 1981). In the a-Fe—G alloy systems, on the other hand,
(a) and (b) seem to be absent in the Fe-rich region (Fukamichi et al 1979, Chien and
Unruh 1982). Xiao and Chien (1987) found that simple extrapolation of the Mossbauer
parameters such as hyperfine fields, centre shift and quadruple splitting to pure amorph-
ous Fe for various a-Fe-ET systems are different from those for the a-Fe-G systems.
They suggested that the structural short-range order in a-Fe-ET is quite different from
that in a-Fe-G. Since chemical bonding between Fe and G atoms strongly affects
not only the structural short-range order in a-Fe—G but also the magnetic properties
(Fujiwara 1984), a-Fe-G systems are not suitable for estimating the magnetic properties
of pure amorphous Fe.

As described above, the a-Fe—ET alloys show sG behaviour in very high Fe con-
centration ranges. Because T, of a-Feg, sLa; s is slightly lower than that of a-FegLa,,
(115K and 117 K, respectively), T, is expected to have a weak concentration depen-
dence. The extrapolation of T, suggests that pure amorphous Fe shows a PM~SG transition
at about 110 K. This is consistent with the A type phase diagram of a-Fe-Y (Coey et al
1981) and the B type phase diagrams of a-Fe-Zr (Saito et al 1986, 1989), a-Fe-Ce
(Fukamichi et al 1988) and a-Fe—Lu (Goto et al 1990). The extrapolation made by Ryan
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etal (1987a) gives a rather higher value of T, = 150 K. This value, however, seems to be
less convincing because their most Fe-concentrated a-Fe-Zr alloy is still ferromagnetic
and the actual PM—SG transition has not been observed yet.

The existence of SG and RSG states in the Fe-rich a-Fe-ET alloys at low temperatures
indicates that the alloys are random spin systems with competing ferromagnetic and
antiferromagnetic interactions. The origin of antiferromagnetic interactions is often
ascribed to an Fcc-like coordination of Fe atoms and shorter Fe-Fe bonds (Forester et
al 1979). The instability of FM order and the FM to AF phase transition observed in the
relevant crystalline compound La(Fe, Al _,),; with increasing x are considered to be
due to an increase in the number of Fe nearest neighbours and a decrease in the lattice
parameters (Palstra er al 1985). Our recent AC susceptibility measurements at high
pressures on a-Feg; sLa;, s revealed that a pressure of 20 kbar can completely wash out
the susceptibility increase at T, and produce a typical sG cusp at around 110 K (Goto et
al 1989). This fact clearly shows that short Fe~Fe interatomic spacing is responsible for
the development of antiferromagnetic interactions and the appearance of the sG phase.
According to the x-ray structure analysis of a-Fe,_,La,, however, significant change is
not found in the average nearest-neighbour Fe-Fe interatomic distance for x = 10-15
(Matsuuraetal1989). The increase in the nearest-neighbour Fe-Fe coordination number
is considered to be more important to the instability of the FM state in a-Fe o, La, from
a structural point of view.

Kakehashi (1987) showed using a finite-temperature theory for itinerant-electron
systems that a new type of itinerant-electron SG appears in FCC Fe alloys such as Fe-Ni,
where antiferromagnetic interactions originate from local environment effects through
a strong non-linear coupling between Fe atoms with magnetic moments less than 1.7 up
surrounded by more than ten Fe nearest neighbours. The antiferromagnetic interactions
in the Fe-rich amorphous alloys are considered to be derived from the same origin as
in the Fcc Fe-Ni alloys. The extension of the above theoretical approach to the
non-crystalline system is very important for understanding the magnetism of Fe-rich
amorphous alloys.

4. Conclusions

The evolution of magnetic order is clearly observed in the Fe-rich a-Fe o _,La, alloys
as the concentration approaches pure Fe. The significant difficulty of the magnetic
saturation at 4.2 K and the lack of rapid increase of the AC susceptibility indicate that
ferromagnetism is not retained in the alloys with x < 10. The sG phase of the alloys is
well characterised by the Ac susceptibility cusp with the divergent peak of non-linear
susceptibility. Because there is no sign of the reduction of the average Fe magnetic
moment in this concentration region, the SG system is unique in the sense that the sG
phase is observed in the magnetically concentrated metallic system with a single kind of
magnetic element. The less Fe-concentrated alloys become ferromagnetic, but show the
RSG transition at low temperatures. The RSG behaviour of the alloys is very similar to
that observed in other a-Fe-ET alloys, but the existence of the RSG phase is more
evident in the present alloys because ferromagnetism is actually lost in the highest
Fe concentration region. The magnetic phase diagram obtained suggests that pure
amorphous Fe is no longer a ferromagnet but a spin glass with a transition temperature
of about 110 K. This conclusion is consistent with the magnetic phase diagrams of various
Fe-rich amorphous Fe-ET alloys.
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