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Abstract. Annealed amorphous ,¥ejoo-, alloys have been investigated by means of AC
magnetic susceptibility measurement and x-ray diffraction analysis. The amorph&esY. »

(x = 15, 16, 20, 25 and 30) alloys annealed at 523 K for 180 min exhibit re-entrant spin-glass
behaviour, while a direct transition from a paramagnetic to a spin-glass phase occurs in the
amorphous alloys withk = 7.5, 10 and 33.3. For the amorphouso¥egg alloy, the Curie
temperature and the magnetic moment increase, but the spin freezing temperature decreases on
annealing. The magnetic phase diagram for the amorphous Y-Fe alloy system in the annealed
state is similar to that for many other amorphous Fe-based alloy systems in the as-prepared
state. Increases in the atomic distance of Fe—Fe pairs and in the coordination number of the
nearest-neighbour Fe atoms on annealing have been observed. These structural changes explain
the changes in the magnetic properties for annealed amorphous alloys.

1. Introduction

Amorphous Fe-based alloys with hon-magnetic early transition or rare-earth metals exhibit
a wide variety of magnetic properties. For amorphoud-2iyo_, alloys, the ferromagnetic
state appears and the maximum Curie temperature is close to room temperature at around
x = 20. With decreasing, the Curie temperature rapidly decreases and a spin-glass state
emerges at low temperatures (Fukamiehial 1989). Amorphous M-Fe (M= Zr, Sc,
Hf, Ce or Lu) alloy systems exhibit re-entrant spin-glass behaviour (Wakabagashi
1990, Fukamichet al 1986, 1989, Hiroyoshét al 1985). The Curie temperatures of these
systems show a maximum at around= 1520, while the spin freezing temperatures show
a minimum at around similar concentrations (Fukamiehal 1989). It is noteworthy that
the spin freezing temperature is about 100 K irrespective of the kind of M element, showing
that the spin-glass behaviour comes from the magnetic properties of Fe.

The magnetic properties and thedssbauer effect for amorphous e o, alloys have
been investigated extensively (Chappettal 1981, Coeyet al 1981). No ferromagnetic
state has been observed in the entire concentration range. Therefore, the amorphous Y-Fe
alloy system is unique and it is interesting to investigate whether the magnetic properties for
the amorphous Yrejoo_, alloys are essentially different from those for the other amorphous
Fe-based alloy systems mentioned above. Recently, it has been reported that amorphous
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Y .Fewgo_, alloys exhibit re-entrant spin-glass behaviour in a weak magnetic field, suggesting
that the magnetic state in this amorphous alloy system is very close to ferromagnetism (Fujita
et al 1993). More recently, it has been pointed out that the ferromagnetic state is stabilized
by annealing (Suzukét al 1994b). Therefore, a marked difference is expected to occur
between the magnetic properties of the annealed and the as-prepared amorgfaus .Y
alloys.

Generally, the heat treatment of amorphous alloys at a temperature lower than the
crystalline temperature causes the rearrangement of atoms, resulting in a steadier state. It
has been observed that the magnetic properties of amorphous Fe-based alloys are very
sensitive to local environments such as the Fe—Fe interatomic distance and the number of
the nearest-neighbour Fe atoms (Chigt@l 1994, Terashimat al 1995). It is, therefore,
important to investigate the magnetic and structural properties, especially the magnetic phase
diagram and the local environment, for annealed amorphqie¥,_, alloys. It has been
reported that the spin freezing temperature is easily reduced by an external magnetic field
(Fujita et al 1993, Suzukiet al 1994b), and hence the spin freezing temperature should be
measured in as weak a magnetic field as possible. Moreover, in order to obtain the spin
freezing temperature, the measurement of the responses of spins to the AC magnetic field
is profitable. Accordingly, the AC magnetic susceptibility measurement in a very weak
magnetic field is efficient for obtaining the magnetic phase diagram.

In the present paper, DC and AC field measurements have been reported for as-prepared
and annealed amorphous,Fego_, alloys in order to investigate the annealing effect.
Furthermore, the relation between the magnetic properties and the structural change on
annealing has been discussed.

2. Experimental details

AmorphousY,Fego_, alloys (x = 7.5, 10, 15, 16, 20, 25, 30 and 33.3) were prepared by a
high-rate DC sputtering technique on a Cu substrate using alloy targets of 40 mm diameter
made by arc melting in an Ar atmosphere. The Ar gas pressure during sputtering was
40 mTorr, and the target voltage and anode current were 1.0 kV and 6.0 A, respectively.
The sputtering was continuously carried out for about 2.5 d in order to obtain specimens of
thickness about 0.2 mm. The Cu substrate was ground using a wheel. The specimens were
annealedn vacua

Measurement of the AC magnetic susceptibility was carried out by a mutual induction
method at a frequency of 80 Hz in an AC magnetic field of 1 Oe. Magnetizationup to 5.5 T
was measured with a SQUID magnetometer. The high-field magnetization up to near 40 T
was also measured by an induction method in pulsed magnetic fields in order to discuss the
saturation magnetization.

The amorphous state of the specimens before and after annealing was confirmed by
diffraction with monochromatic Mo K radiation. The scattering intensity was detected
with a pure Ge solid state detector. The elastic scattering intensity was separated from the
Y Kea fluorescent radiation. The Y Kfluorescence overlapping with elastic scattering was
evaluated using the observed YxKntensity and the tabulated ratio of YA&to Y Ka (Rao
et al 1986) in order to correct the elastic scattering. The room-temperature density was
obtained by the Archimedean method using toluene as the working fluid.
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Figure 1. Temperature dependence of the ACFigure 2. The magnetic field dependence of the

magnetic susceptibility for the amorphousyoFesp transition temperatures for as-prepared amorphous

alloys annealed at 523 K for 30, 90 and 180 min)YisFegs alloy. The two types of freezing temperature

together with that for the as-prepared alloy. are indicated byl, and 7y and the Curie temperature
by Tc.

3. Results and discussion

All the annealed YFeoo_, Specimens have been confirmed to be amorphous by x-ray
diffraction. Figure 1 shows the temperature dependence of the AC magnetic susceptibility
for the amorphous YFes alloys annealed at 523 K for 30, 90 and 180 min, together with
that of the as-prepared alloy, for comparison. The last alloy exhibits only one peak at around
100 K, being characteristic of a paramagnetic—spin-glass transition. However, the annealed
specimens show a rapid increase at around 180-200 K (which indicates the emergence of
a ferromagnetic state with decreasing temperature) and a decrease at around 40-60 K due
to re-entrant behaviour. From these results, it is clear that the ferromagnetic state appears
after annealing. For the specimen annealed for 30 min, another small broad peak appears at
around 140 K. This behaviour is connected with a heterogeneous structural relaxation. The
specimen annealed for 90 min still has a very small peak at around 160 K, and eventually this
small peak disappears after annealing for 180 min. The very flat temperature dependence is
caused by the demagnetization effect. It should be noted that the Curie temperature shifts
to a higher temperature but the spin freezing temperature shifts to a lower temperature on
increase in the annealing time. These facts indicate that the ferromagnetic state is gradually
stabilized with respect to annealing time.

Figure 2 shows the magnetic field dependences of the Curie tempefataed two
types of spin freezing temperature, namélyand7; (H-T diagram), determined by means
of the differential magnetic susceptibility measurement for the as-prepared amorphous
Y isFess alloy. Similar H-T diagrams for amorphous;gFess and YooFeso alloys have
been reported (Fujitet al 1993). In a weak external magnetic field, two types of spin
freezing temperature are observed. The higher temperdiuie considered to be the
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freezing temperature of the transverse component of spins, while the lower temperature
T; may correspond to a crossover point from the weakly to the strongly irreversible state.
In the strong external magnetic field, the ferromagnetic phase appears between the Curie
temperaturelc and the spin freezing temperatufe. What should be evident is that the
temperaturel, becomes vague just before or after the appearance of the Curie temperature
Tc. These characteristics dt and 7, may not be due to the external magnetic field but
may be an intrinsic feature in the re-entrant spin-glass state for amorphous Fe-based alloys.
For instance, the change corresponding¢ds very uncertain while a sharp peak appears at

T in the differential magnetic susceptibility for amorphous(Ee 9oAl .10)13 alloy, which
exhibits re-entrant spin-glass behaviour in a zero magnetic field (Fukaetici 1995).
Considering these facts, the spin freezing temperature of the annealed amorpbieas Y

alloy with re-entrant spin-glass behaviour is referred t@asFor the as-prepared specimen,

the two types of transition occur at the same time in zero magnetic field; therefore the spin
freezing temperatur@; coincides withT,, which corresponds to the cusp in the curve of

AC magnetic susceptibility.
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Figure 3. The magnetic transition temperatures versus the annealing time for the amorphous
Y 20Fesp alloy annealed at 523 K.

The Curie temperaturé: and the spin freezing temperatufe versus the annealing
time for the amorphous J§Fes alloy are summarized in figure 3. From these results, the
stabilization of the ferromagnetic state seems to be almost established within about 30 min.
It is considered that such changes in the magnetic phases are correlated to the change
in the local environment of Fe atoms, which is induced by structural relaxation, because
the magnetic properties of Fe are sensitive to the distance and the coordination number of
neighbouring Fe atoms. Therefore, not only isochronal but also isothermal annealing should
cause the change in the magnetic properties of amorphous Y—Fe alloys. Figure 4 displays the
temperature dependence of the AC magnetic susceptibility for the amorphglssgyalloy
annealed for 30 min at various temperatures. Stabilization of the ferromagnetic phase and
suppression of the spin-glass occur with increasing annealing temperature. After annealing
for 30 min at 873 K, consequently, the spin freezing temperature appears below 10 K and the
Curie temperature lies just below room temperature. The magnetic transition temperatures
versus the annealing temperature for the amorphayBey, alloy annealed for 30 min are
plotted in figure 5. The change in the magnetic phase is sluggish for the specimen annealed
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Figure 4. Temperature dependence of the ACFigure 5. The magnetic transition temperatures versus
magnetic susceptibility for the amorphousyoFesg the annealing temperature for the amorphougFéso
alloys annealed at various temperatures for 30 mirglloy annealed for 30 min.

together with that for the as-prepared alloy.

below 400 K. With increasing annealing temperature, the Curie temperature increases and
the spin freezing temperature decreases.

The ferromagnetic state is also confirmed in the annealed amorphg®s) and
Y ,sFer5 alloys in a similar manner to the annealed amorphoyg-&g alloys, although
the Curie temperatures of both alloys are lower than that for the annealed amorphous
Y ooFeso alloy. The spin freezing temperature also shifts to lower temperatures for both
alloys. Contrary to the Curie temperature, the spin freezing temperatures of the annealed
amorphous YgFes4 and YasFess alloys are higher than that for the annealed amorphous
Y 2oF &0 aIon.

Figure 6 shows the temperature dependence of AC magnetic susceptibility for the
amorphous YsFess alloys annealed at 523 K for 30 and 180 min. The result for the
as-prepared specimen is given in the same figure. The alloy annealed for 30 min shows a
broad peak around 120 K, which is correlated with the appearance of the re-entrant spin-
glass state although the as-prepared specimen exhibits a cusp at around 100 K. It is worth
noting that the spin freezing temperature shifts to a higher temperature with increasing
annealing time as seen from the curve for the alloy annealed for 180 min. Figure 7 shows
the temperature dependence of the AC magnetic susceptibility for the amorphghes,Y
alloy annealed at 523 K for 30 min, together with that for the as-prepared counterpart, for
comparison. The annealed specimen also exhibits the emergence of the ferromagnetic state,
and the spin freezing temperature shifts to a higher temperature by about 20 K.

Figure 8 shows the temperature dependence of AC magnetic susceptibility for the
amorphous YoFey alloys annealed at 523 K for 30, 90 and 180 min, together with that for
the as-prepared specimen, for comparison. It should be noted that these alloys behave in
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Figure 6. Temperature dependence of the ACFigure 7. Temperature dependence of the AC magnetic
magnetic susceptibility for the amorphous;sFegs  susceptibility for the amorphousz¥Fe;g alloy annealed
alloys annealed at 523 K for 30 and 180 min, togetheat 523 K for 30 min, together with that for the as-
with that for the as-prepared specimen. prepared alloy.

another way in contrast with the annealed amorphous alloys mentioned above, i.e. the spin
freezing temperature exhibits only a slight shift to a higher temperature. Furthermore,
it should be emphasized that the annealed specimens indicate no ferromagnetic state,
keeping a clear paramagnetic—spin-glass transition. Figures 9 and 10 show the temperature
dependences of AC magnetic susceptibility for the amorphous&,s alloy annealed at

523 K for 30 min, and the amorphous;4Fess7 alloy annealed at 523 K for 180 min,
respectively, together with those of the as-prepared counterparts. The annealing effects on
the magnetic properties for these alloys are similar to those for the annealed amorphous
Y 10F&y alloys, namely no ferromagnetic state but a slight increase in the spin freezing
temperature is observed.

From the annealing effects shown in figure 1 and figures 6-10, the change in the
transition temperatures is given in the magnetic phase diagram as shown in figure 11.
The solid line and dotted line represent the Curie temperafdrand the spin freezing
temperature7y, respectively, for the specimen annealed at 523 K for 180 min. The
spin freezing temperatures, for as-prepared specimens are also indicated by the chain
line, for comparison (Fukamichet al 1989). Re-entrant spin-glass behaviour appears in
the annealed amorphous,gFess, YooFeo and YosFess alloys. In these alloys, the spin
freezing temperature lies in the lower-temperature region, compared with the as-prepared
specimen. The annealedsFess and YsoFe; alloys are also of re-entrant spin-glass type;
however, the spin freezing temperature shifts to a higher temperature. For the annealed
amorphous YsFey,s, YioFey and YszsFese7 alloys, a paramagnetic—spin-glass transition
persists, although the spin freezing temperature shifts to a slightly higher temperature. It
should be noted that the present magnetic phase diagram is very similar to those for other
many amorphous Fe-based alloy systems such as La—Fe, Ce—Fe and Lu—Fe (Fukamichi
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et al 1989). Therefore, the magnetic properties for the amorphous Y—Fe alloy system are
essentially regarded as the same as those for many other amorphous Fe-based alloy systems,
although the as-prepared amorphous Y—Fe alloys look unique at first glance.

Since pronounced changes in the magnetic phase diagram on annealing are detected
by the AC magnetic susceptibility measurement, a change in the magnetization curves is
expected. Generally, the magnetization curve of spin glasses is not easily saturated by
weak magnetic fields due to the competition between ferromagnetic and antiferromagnetic
interactions; therefore, we need very-high-magnetic-field measurements in order to
investigate the magnetic properties in detail. Figure 12 shows the magnetization curves up
to 40 T at 4.2 K for the amorphousyyfFes alloys annealed at 523 K for 30 and 180 min
and at 623 K for 30 min, together with that for the as-prepared counterpart for comparison.
The saturation of the magnetization gradually becomes easier on increase in the annealing
time, indicating a larger magnetization. Swifter changes are caused by higher-temperature
annealing. However, it is difficult to evaluate an accurate saturation magnetization. In
order to obtain the saturation magnetic moment, the magnetization curves are fitted using
the following expression @hnle and Kronraller 1978, Chudnovskgt al 1986):

M(H) = M;1—a/H")xyrH 1)

whereM; is the saturation magnetization. The high-field magnetic susceptilpjljtynainly
comes from the Zeeman splitting of the d bands due to external magnetic féidIé~and
Kronmiller 1978, Chudnovsket al 1986). The powerg in the terma/H" are different
depending on the origin, and for cluster spin glasses becomes 1/2 (Chudnowskgl
1986). The magnetic momeptr, per Fe atom obtained from; and the factou versus
the annealing time for the amorphousg¥eso alloy are displayed in figure 13. The Fe
magnetic moment increases with increase in the annealing time. The fataegarded
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as a measure of the deviation from the long-range ferromagnetic alignment of spins. The
factora decreases with increasing annealing time, indicating an increase in the ferromagnetic
interactions. These behaviours exhibit stability of the ferromagnetic state and are consistent
with the results obtained from the AC magnetic susceptibility measurements. It is interesting
to investigate the change in the magnetization curve on annealing for the amorphous
Y 10F&y alloy which has only a slight difference between the spin freezing temperatures
of the annealed and the as-prepared specimens as seen in figure 8. Figure 14 shows the
magnetization curve for the amorphougFeyg alloy annealed for 30 min, together with that
for the as-prepared specimen. The parameters a and y;, obtained from equation (1)
are listed in table 1. At first glance, the magnetization of the former is larger than that
of the latter. However, the saturation magnetizatidp obtained from the fitting for the
annealed specimen is scarcely different from that for the as-prepared specimen, consistent
with the data obtained by the AC susceptibility measurement mentioned before. On the
other hand, the factos and the high-field susceptibility,; are changed drastically by
annealing. Although the re-entrant behaviour does not appear after annealing, the changes
in a and x,,; indicate that the ferromagnetic interaction is relatively stabilized by annealing.
The magnetic properties of amorphous Fe-based alloys with a non-magnetic element
are considered to originate from the 3d electrons of Fe. The appearance of the spin-glass
phase in the ground state and re-entrant behaviour at finite temperatures for amorphous Fe-
based alloys have been discussed on the basis of the theory for itinerant-electron magnetism
and spin fluctuations (Kakehashi 1991, 1993). Large spontaneous volume magnetostrictions
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have been observed for the amorphous Y—Fe alloy system, which is evidence of the strong
fluctuations in the local moment of Fe (Fujigdal 1994, Suzukiet al 1994a). The change

in the magnetic state on annealing for the amorphous Y—Fe alloy system should be attributed
to the change in the local environment of Fe, because the structural change is reflected in the
width of bands and the exchange interactions of 3d electrons. The interference functions
of the amorphous XFes alloys before and after annealing at 523 K for 180 min are
compared in figure 15. A slight shift in the oscillations in the interference functions at a
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high Q-value for the annealed specimen suggests a change in the near-neighbour region.
In figure 16 are the radial distribution functions obtained by the Fourier transformation of
the interference functions in figure 15. Referring to the atomic radius of each element (Fe,
0.126 nm; Y, 0.178 nm), the peaks and their shoulder in the near-neighbour region are
attributed to Fe—Fe, Y—Fe and Y-Y pairs. Their relative peak heights and positions for
the annealed specimen are quite different from those for the as-prepared specimen. This
indicates that the environmental structure of the nearest neighbour is changed by annealing.
In order to evaluate the structural parameters, least-square fitting has been carried out using
the procedure proposed previously (Matsubetral 1992). The coordination numbers and

the atomic distances for these peaks are summarized in table 2. The atomic distance of the
Fe—Fe pairs increases about 2% and the coordination number of the Fe—Fe pairs increases
in contrast with decrease in the atomic distance and the coordination number of the Y-Y
pairs by annealing.

Table 1. The magnetic momeni ., the factora and the high-field susceptibility;s in terms
of the law of approach to saturation for the annealed and as-prepared amorpbBas dlloys.

Kre (plFe atom) a (O€Y2)  x,r (1076 emu gloe™?)

As prepared 2.0 88 8.82
Annealed at 623 K for 30 min 2.1 65 1.33

Hydrogenation of the amorphous, ey, alloys increases the magnetization and
the density of states (Coest al 1988). The abrupt change from a large moment in the
ferromagnetic state to a small moment in the antiferromagnetic state takes place at around
0.25 nm for the Fe—Fe interatomic distance in FCC Fe (Wassermann 1990). It has been
reported that for amorphous Fe-based alloys the Fe—Fe interatomic distance is very close
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Table 2. The atomic distances and the coordination numbené for the YoFesp alloys in the
as-prepared state and in the annealed state at 523 K for 180 min.

As prepared Annealed

r (nm) N r (nm) N

Fe-Fe @251+ 0.002 75+02 0256+£0002 84+02
Fe-Y 0296+ 0.002 26+0.2 0299+0.002 23+0.2
Y-Fe  0296+0.002 105+03 02994+0.002 92+0.3
Y-Y 0.336+ 0.002 69+0.3 0330+£0.002 58+0.3

to 0.25 nm (Matsuurat al 1989), and that for an amorphous YFalloy it is 0.254 nm
(Foresteret al 1979). Consequently, it is concluded that the increase in the atomic distance
of the Fe—Fe pairs from 0.251 to 0.256 nm by annealing stabilizes the ferromagnetic state
in the present amorphous,yFeso alloy.

Recently, re-entrant spin-glass behaviour has been observed for amorphous Y—Fe alloys
prepared by melt-spinning (Tangt al 1995). The difference between the magnetic phase
diagrams of the melt-spun and sputtered alloys has been attributed to the difference in
the quenching speeds, depending on the preparation method (€tade995), namely
the degree of atomic disorder is changed by the quenching speed. The present results are
explained by assuming that the atomic distance of the Fe—Fe pair after annealing in the
sputtered specimen is close to that in the specimen prepared by melt-quenching.

The magnetic properties of amorphous Fe-based alloy should also be discussed in terms
of the coordination number of neighbouring Fe atoms, as well as the atomic distance of
the Fe—Fe pairs. The relation between coordination number and the magnetic moment
on the local Fe site has been discussed by using the data on dksbiuer effect for
the amorphous Y-Fe alloy system (Chapparal 1981). According to those results, the
critical coordination number for the onset of the magnetic moment on the Fe site is five
and the magnetic moment increases with increasing coordination number up to ten or more.
For the amorphous XFes alloy, the coordination number of the nearest-neighbour Fe
atoms increases from 7.5 to 8.4 after annealing, as given in table 2. This change is also
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consistent with the increase in the Fe magnetic moment. A slight increase in the atomic
distance and/or the coordination number of the Fe—Fe pairs on annealing has also been
observed for amorphoussiFess7 (R = La, Ce or Nd) alloys (Matsubarat al 1992).
Therefore, it is considered that the atomic distance and the coordination number of the Fe—
Fe pairs in the amorphouszYsFes;s7 alloy increase after annealing. In the vicinity of this
concentration, no ferromagnetic phase appears and the spin freezing temperature increases
on annealing, as shown in figure 11. This change is attributed to the increase in both the
atomic distance and the coordination number of the Fe—Fe pairs. Because of the itinerant
character of 3d electrons of Fe, the local moment on the Fe site fluctuates around the average
Fe magnetic moment in amorphous Fe-based alloys. Furthermore, the energy gain of ferro-
magnetic and antiferromagnetic exchange interactions is closely correlated with the thermal
average of amplitude of local moment (Kakehashi 1991), namely the amplitude of the local
moment is distributed from zero to a certain large value, and a small local moment couples
antiferromagnetically while a large local moment couples ferromagnetically. The average
Fe moment would be increased by the structural change in the amorphgsse) 7 alloy,

and non-magentic Fe sites tend to become antiferromagnetic. On the other hand, the change
in the magnetic phase diagram at around 90 at.% Fe should be explained in a different way.
In this concentration region, the neighbouring atoms are mostly Fe atoms. The increase
in the number of short-range cluster of Fe atoms causes broadening of the Fe 3d electron
bands, and hence the frustration becomes stronger (Yu and Kakehashi 1995, Kakehashi and
Yu 1995). Therefore, the increase in the spin freezing temperature after annealing would
be caused by the clustering of Fe atoms.

4. Conclusions

The annealing effects on the magnetic properties for the amorphobsgg . alloys
(x = 7.5, 10, 15, 16, 20, 25, 30 and 33.3) and on the structural changes for the amorphous
Y 20F &30 alloy have been investigated. The main results are summarized as follows.

(1) Re-entrant spin-glass behaviour is observed in the annealed amorphghtess,Y
Y 16F €84, Y20F€s0, YasF€rs and YzoFerg alloys.

(2) The amorphous alloys with low Y concentration such agPFé&,s and YioFeyo and
the alloys with a high Y concentration such agz¥Fess7 exhibit the paramagnetic—spin-
glass transition even after annealing.

(3) The magnetic phase diagram for the annealed amorphgbe;06_, alloy system
is similar to that for many as-prepared amorphous Fe-based alloy systems in a wide
concentration range, showing re-entrant spin-glass behaviour.

(4) For the amorphous §Fes alloy, the Curie temperature and the magnetic moment
Wre increase but the spin freezing temperature decreases on annealing.

(5) The interatomic distance of Fe—Fe pairs and the coordination number of the nearest-
neighbour Fe atoms are increased by annealing.
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