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Abstract The annealing effect on the magnetic phase dias'am of the Y-Fe amorphous alloy 
system has been investigsed by means of diffefe@al magnetic susceptibility., Y-Fe amorphous 
alloys annealed at 250 "C far 30 min exhibit a re-entrant spin-glass behaviour in a similar manner 
to the as-prepared samples in an applied magnetic field. The Curie temperature is enhanced but 
the spin-freezing tempemure Tr is depressed by annealing. These facts suggest that the Fe- 
Fe interatomic distance, which significantly influences he magnetic propedes, increases on 
annealing. The magnetic phase diagram of the Y-Fe amorphous alloy system in an applied 
magnetic field is similar to thatof various =-entrant spin-glass-type Fe-based amorphous alloy 
systems in zero magnetic field. 

1. Introduction 

Various Fe-based amorphous alloy systems =-Fe (RE: rare earth metal) (Fukamichi et 
al 1989a) and m-Fe (ET: early transition metal) (Fukamichi et al 1989b) exhibit a re- 
entrant spin-glass behaviour, namely, the magnetic state changes from a paramagnetic to 
a ferromagnetic state and finally re-enters a spin-glass state with decreasing temperature. 
On the other hand, the magnetic propexties of Y-Fe amorphous alloys with 32-88% Fe 
were investigated by magnetization and Mossbauer-effect measurements (Coey et al 1981, 
Chappert et al 1981), and no ferromagnetic phase was observed in this concentration range. 
That is, this amorphous alloy system has only a spin-glass state at low temperatures. 
Therefore, this system is quite unique, compared with other Fe-based amorphous alloy 
systems mentioned above. Recently, however, it has been reported that Y-Fe amorphous 
alloys have a re-entrant spin-glass state at low temperatures in weak external magnetic fields 
(Fujita et al 1993). This fact suggests the magnetic state in Y-Fe amorphous alloys is very 
close to ferromagnetism. 

Volumedependent instabilities of the Fe moment have been discussed extensively 
from the experimental and theoretical viewpoints and the drastic change from the 
antiferromagnetic state with a small moment to the ferromagnetic state with a large moment 
OCCUIS at around 2.5 A for the Fe-Fe interatomic distance in FCC Fe (Wassermann 1990). 
The Fe-Fe interatomic distance for Y33.3Fe66~ amorphous alloy has been estimated to be 
2.54 A (Forester et al 1979). Moreover, it has been reported that the Fe-Fe interatomic 
distance in Fe-based amorphous alloys is very close to 2.5 A (Matsuura et al 1989). It is 
well known that annealing of amorphous alloys brings about structural relaxation due to 
rearrangement of atoms. Accordingly, it is expected that the magnetic properties of Fe-based 
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amorphous alloys are significantly influenced by even a slight change in the environment, 
such as the Fe-Fe interatomic distance, on annealing. 

Magnetization (M) is one of the order parameters that show the magnetic state of 
materials, and a paramagnctic state has no spontaneous magnetization ( M  = 0), whereas 
a ferromagnetic state does (M # 0). In a spin-glass state, there is competition between 
positive and negative interactions such that M becomes zero. Therefore, the differential 
magnetic susceptibility is theoretically divergent and experimentally shows a cusp at the 
transition temperature. Although no spontaneous magnetization is observed in either the 
paramagnetic or spin-glass states, the differential magnetic susceptibility shows a peak at 
the spin-freezing temperature. Another order parameter (Q) (Edwards and Anderson 1975) 
which represents the time dependence of the direction of each spin, changes from a certain 
positive value in the spin-glass state to zero in the paramagnetic state. The free energy as a 
function of the order parameters M and Q has been obtained (Sherrington and KrikpaIxick 
1975), and the differential magnetic susceptibility dM/dH was calculated by differentiating 
with respect to the magnetic field H, and the relation between dM/dH and dQ/dH was 
obtained (Nieuwenhuys et a1 1978). According to these calculations, the temperature 
variations of M and Q reflect that of the differential magnetic susceptibility dM/dH. 
Therefore, the measurement of the differential magnetic susceptibility is valuable in 
determining the phase transition temperatures, e.g. the Curie and spin-freezing temperatures. 
In the present paper, the effect of annealing on the magnetic phase diagram of the Y-Fe 
amorphous alloy system is investigated by means of differential magnetic susceptibility, the 
magnetic cooling effect and AC magnetic susceptibility measurements. 

2. Experimental details 

Ylm-xFex amorphous alloys (x  = 92.5, 90, 84, 80 and 70) were prepared by a high-rate 
DC sputtering technique on a Cu substrate using alloy targets made by arc melting in an Ar 
atmosphere. The size of the alloy target was about 40 mm in diameter. The Argas 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 carried out continuously for about 2.5 days 
in order to obtain samples of thickness about 0.2 mm. The Cu substrate was dissolved 
in a solvent, CrO, (500 g) f HzS.04 (27 cm3) + HzO (1000 cm3), at a temperature of 
350 K. The specimens were annealed in vacuo at 250°C for 30 min. The structures of the 
samples before and after annealing were confirmed by x-ray diffraction. The measurements 
of differential magnetic susceptibility at various magnetic field strengths and the magnetic 
cooling effect at 200 Oe were carried out with a S Q m  magnetometer. The AC magnetic 
susceptibility was measured at 1 Oe and 80 Hz from 4.2 K to 300 K. 

3. Results and discussion 

Since the crystallization temperature of Ylca-xFe, amorphous alloys is in the range of 
about 85C-970 K, being much higher than the annealing temperature (Fujita et a1 1994), 
all annealed Y-Fe samples were confirmed to be amorphous by x-ray diffraction. Figure 1 
shows the temperature dependence of the differential magnetic susceptibility for the Yl,jFe84 
amorphous alloy at various values of the magnetic field. The first peak and the second peak 
(or shoulder) are observed around 40 K and approximately 80-100 K, respectively, for 
magnetic fields up to 200 Oe. A thud peak emerges around 180 K above 200 Oe. These 
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peaks and shoulder are considered to be magnetic phase transition temperatures. Figures 2 
and 3 show the results for annealed YmFem and YloFeo amorphous alloys, respectively. 
The third peak appears in the YmFeso amorphous alloy even at 100 Oe, but only one peak 
and a shoulder are observed for the YloFew amorphous alloy. According to the GT model 
(Gabay and Toulouse 1981), an isotropic spin glass exhibits a spin freezing of the transverse 
component (Tg) in a higher temperature range and of the longitudinal component (Tf) in a 
lower temperahue range in an extemal magnetic field. Therefore, it is considered that the 
first peak and second peak (or shoulder) correspond to the spin-freezing temperatures Tf 
and Tg, respectively, for the annealed YzoFqo, Y16Few and YloFqo amorphous alloys. 
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Figure 1. The tempenure dependence of the differential mametic susceptibility dM/dH 
measured at 20.60. 80 and 200 Oe for the annealed YlsFeu amorphous alloy. 

The magnetic cooling effect in a field of strength 200 Oe for the annealed YuFe80, 
Y16Few and Ylflew amorphous alloys is shown in figure 4. In this figure, open and closed 
symbols represent the magnetization curves for alloys cooled in zero field and at 200 Oe, 
respectively. These curves show a clear magnetic hysteresis between zero-field-cooled (zFC) 
and field-cooled (Fc) processes, which shows the spin-glass behaviour. The mows denote 
Tc, Tg and obtained from figures 1-3. The former two samples exhibit re-entrant spin- 
glass behaviour, being accompanied by a very broad peak. The curves for the YloFqo 
amorphous alloy also exhibit a broad peak. However, as seen from figure 5, AC magnetic 
susceptibility measuremens in an extremely weak magnetic field of about 1 Oe exhibit a 
clear cusp at 105 K. These facts suggest that the magnetic state in the annealed YloFew 
amorphous alloy around 105 K is very close to the triple point of magnetic states, i.e. 
paramagnetic, ferromagnetic and spin-glass states. 

The relation between the magnetic phase transition temperatures and the magnetic field 
for the annealed Y16Fe84 amorphous alloy is shown in figure 6, together with that for the 
as-prepared sample of the same composition for comparison. The results for the former 
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T e ~ m p e r a t e r e  (K) 

Figure 2. The temperahre dependence of the differential magnetic susceptibiliw dMldH 
mwured at 60,80, 100 and 200 Oe for the annealed YmFew morphous alloy. 

T e m p e r a t u r e  ( K )  
Figure 3. The tempemme dependence of the differential magnetic susceptibility dMldH 
measured at 40.70, 140.200.400 and 600 Oe for the annealed YIoFW amorphous alloy. 
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Figure 4. The magnetic cooling effect at 200 Oe for annealed Yslo-xFe, (x = 80, 84 and 90) 
amorphous alloys. Open and closed symbols stand for the magnetizarian on cwling in zefo 
field and at 200 0% respectively. The longitudinal and transyene spin-freezing t e m p e m  are 
indicated by Tf and Ts, respectively, and Tc is the Curie temperature obtained from figures 1-3. 

0 

T e m p e r a t u r e  (K) 

Figure 5. The temperafure dependence of the AC magnetic susceptibility for the annealed 
YIDF~VO amorphous alloy. 

and the latter are given by the solid and dashed lines, respectively. In contrast with the 
Curie temperature Tc. the magnetic field dependence of the spin-freezing temperature 
is significant. This pronounced magnetic-field dependence of f i  is caked by weakening 
of spin fieezing in external magnetic fields. The shifts of the transition temperatures by 
annealing are clearly confirmed. That is, the spin-freezing temperature r f  becomes lower 
than that for the as-prepared sample by about 10 K, while the Curie temperature TC shifts 
to higher temperature by about 40 IC This is because the ferromagnetic state is stabilized 
by annealing. On the other hand, the transverse spin-freezing temperature T, is scarcely 
affmted by annealing, though the field dependence is different for the two samples. The 
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Figure 6. The magnetic-field dependence of h e  phase hansition temperatures fi. Tg and Tc 
for the annealed YtsFew amorphous alloy. The solid lines with closed symbols and h e  dashed 
lines with open symbols denote he mulrs for annealed and for as-prepared samples (Fujita er 
nl 1993). respectively. 

freezing temperatures Tf and Tg decrease with increasing seength of the applied field in 
accordance with the GT model (Gabay and Toulouse 1981). 
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Figure 7. The magnetic-field dependence of the phase vansition temperafures fi ,  T, and Tc 
for the annealed YmFem amorphous alloy. The solid lines with closed symbols and the dashed 
lines with open symbols denote the results for the annealed and for asprepared samples (Fujita 
el nl 1993), Kspecfively. 

In order to obtain a more complete and detailed picture, we have obtained similar plots 
for other annealed amorphous alloys. In figures 7 and 8 representative results for YzoFeso 
and YloFeso, respectively, are given by the solid lines, together with the results given 
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Figure 8. The magnetic-field dependence of the phase transition temperatures f i  and T, for 
the annealed YlnFqo amorphous alloy. The solid lines with closed symbols and the broken 
lines with open symbols denote the results for annealed and for as-prepared samples (FujiIa et 
a1 1993), respectively. 

by the dashed lines for the as-prepared samples (Fujita et al 1993). As seen from these 
figures, the trend of the magnetic field dependence of the phase transition temperatures is 
analogous to that for the annealed Y16Fe84 amorphous sample. That is, the longitudinal 
spin-freezing temperature E is decreased but the transverse spin-freezing temperature Tg 
is hardly influenced by annealing. From figures 6 and 7 it should be noted that the Curie 
temperature TC appears just before or after smearing out of Tg- This means that short-range 
ferromagnetic clusters grow rapidly with increasing applied magnetic field. On the other 
hand, the Curie temperature is not confirmed for the annealed YIoFe90 amorphous alloy in 
figure 8 and the spin-glass phase transition temperatures Tf and Tg come close to 105 K 
when the magnetic field is extrapolated to 0 Oe. This result is in good agreement with the 
AC susceptibility measurement shown in figure 5. 

Figure 9 shows the magnetic phase diagram in a magnetic field of 500 Oe for the 
annealed Y-Fe amorphous system (solid lines), together with that for the as-prepared 
alloys in the same magnetic field (dashed lines) (Fujita et al 1993) and that for samples in 
zero magnetic field (dashed-dotted lines) (Komatsu and Fukamicbi 1994) for comparison. 
The annealed Y-Fe amorphous system exhibits re-entrant spin-glass behaviour in a similar 
manner to the as-prepared samples in 500 Oe, but is very different from the diagram for 
zero magnetic field for the as-prepared samples. The re-entrant spin-glass behaviour in 
zero magnetic fields has been observed in many Febased amorphous alloys (Fukamichi 
et al 1989% b). From this magnetic phase diagram, it is clear that the ferromagnetism is 
stabilized by an applied magnetic field for the as-prepared state and is further enhanced by 
annealing, whereas the freezing temperature is decreased and further suppressed by the 
same procedures. As is well known, the magnetic properties of Febased alloys are sensitive 
to changes in the environment such as the FeFe interatomic distance and the coordination 
number. It has been pointed out for various RE--Fe amorphous alloys that annealing brings 
about an increase in the Fe-Fe interatomic distance, resulting in an increase in the Curie 
temperature TC and in a decrease in the freezing temperature f i  (Chiang et al 1994). The 
relation between the spin-freezing temperature and the fluctuation of atomic configuration, 
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C o n c e n t r a t i o n  x (at%) 

Figure 9. The magnetic phase diagram for the annealed Y-Fe amorphous aUoy system in a 
magnetic field of 500 0% together with those for the as-prepared samples in the same magnetic 
field and in zero magnetic field. The solid lines with closed symbols and the dashed lines with 
open symbols denote the results for annealed and for as-prepared samples (pujita et a1 1993), 
respectively. The dashed-dotted line with square symbols indicates the results for the as-prepared 
Y-Fe amorphous alloy system in zero magnetic field (Ko<omatfll and Fukamichi 1994). 

i.e. the ratio of the mean interatomic distance and the deviation from it, has been calculated 
for amorphous Fe (Kakehashi 1990). According to this theory, taking into account the 
local environment effect, the spin-glass state of amorphous Fe is caused by the structural 
disorder, spin fluctuation and so on: This theory gives the result that the spin-freezing 
temperature becomes lower with decreasing fluctuation of atomic configuration. When the 
fluctuation of atomic configuration becomes smaller, the Fe-Fe ferromagnetic interaction 
becomes stronger. This leads to a decrease in the competition between ferromagnetic 
and antiferromagnetic interactions, that is, the spin-freezing temperature shifts to a lower 
temperature. The Y-Fe amorphous alloy system has been examined extensively, but its 
magnetic properties are unusually sensitive to the method and conditions of preparation. For 
example, evaporated amorphous films (Heiman and Kazama 1979) and sputtered amorphous 
alloys (Forester et al 1979, Coey et al 1981) exhibit spin-glass behaviour, but melt-spun 
Yss.3Fe66.7 has been reported to be ferromagnetic (Croat and Herbst 1982). It is interesting 
to note that the reentrant spin-glass behaviour has been confirmed very recently without 
any annealing for melt-spun Y-Fe amorphous alloys over a wide composition range (Tange 
1994). 

The fluctuation of atomic configuration and the Fe-Fe interatomic distance of E-Fe 
amorphous alloys can be observed using x-ray diffraction (Matsuura et a1 1989). The 
anomalous x-ray scattering ( U S )  method (Waseda er a1 1988, Matsubara and Waseda 
1992) in combination with the ordinary x-ray diffraction method would give more detailed 
information for the Y-Fe amorphous alloy system. Small-angle neutron scattering from 
the y.is.3Fe66.7 amorphous alloy indicates that there are only short-range ferromagnetic 
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correlations below the freezing temperature and it exhibits dynamic behaviour (Pickart et 
ai 1974, Murani and Rebouillat 1982) similar to that for a concentrated CuMn crystalline 
spin glass (Murani and Heideman 1978). Fe-based amorphous alloys @kamichi 1983, 
Fukamichi et al 1989a) and Fe-based crystalline FCC alloys (Wassermann 1990) exhibit 
a large spontaneous volume magnetostriction, which is mainly induced below the Curie 
temperature. On the other hand, Y-Fe amorphous alloys are not ferromagnetic in the as- 
prepared state, but they also exhibit a comparably large magnetovolume effect up to about 
450 K, which is much higher than the spin-freezing temperature (Suzuki et a1 1994). The 
inverse magnetic susceptibility shows anomalous behaviour in the same temperature range 
(Fujita eta1 1994). Therefore, the microscopic magnetic structure in these amorphous alloys 
should be investigated in order to explain such a peculiar phenomenon. In the present study, 
the spin-glass state in the Y-Fe amorphous alloy system has been discussed on the basis of 
the coexistence of the spin-glass state and of the ferromagnetic ordering as per the GT model 
(Gabay and Toulouse 1981). On the other hand, the spin-glass behaviour of amorphous Fe 
is explained in terms of the frustration between the ferromagnetic interaction of the nearest- 
neighbour Fe-Fe pairs and the antiferromagnetic interaction of Fe-Fe pairs beyond the 
next-nearest neighbour (Kakehashi 1991). In order to investigate the spin-glass state, it 
is appropriate to examine the samples by means of neutron depolarization measurements. 
Indeed, FelgAug, and Fe70A1so crystalline alloys, which are typical re-entrant spin glasses, 
have been studied using such measurements (Mitsuda er a[ 1992), and it has been pointed 
out that the magnetic state on a mesoscopic scale is quite different for these two alloys before 
and after entering the re-entrant spin-glass state. This method should, therefore, distinguish 
between spin-glass and ferromagnetic states in the Y-Fe amorphous alloy system. Both 
AXS and neutron depolarization experiments will be carried out in the near future. 

4. Conclusions 

Ylw-xFe, amorphous alloys (x = 92.5, 90, 84, 80 and 70), prepared by DC high-rate 
sputtering, were annealed at 250 "C for 30 min and the magnetic phase diagram in a magnetic 
field investigated by differential magnetic susceptibility, the magnetic cooling effect and AC 
susceptibility. The main~results are summarized as follows: 

(i) annealed Y-Fe amorphous alloys, except for Y7.5Fe92.5 and YloFego, exhibit re- 
entrant spin-glass behaviour in a magnetic field, in a similar manner to the as-prepared 
samples; 

(ii) the Curie temperature TC is enhanced but the spin-freezing temperature E is 
depressed by annealing; 

(iii) with increasing applied magnetic field, the Curie temperalure Tc appears just before 
or after smearing out the transverse spin-freezing temperature Tp; 

(iv) the magnetic state in the annealed YIoFego amorphous alloy around 105 K is 
considered to be very close to the triple point; and 

(v) the magnetic phase diagram for the annealed Y-Fe amorphous alloy system in an 
external magnetic field is analogous to that for various Fe-based amorphous alloy systems 
that exhibit re-entrant spin-glass behaviour in zero magnetic field. 
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