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Abstract The spin-glass behaviour of amorphous FexYtw-r alloys (70 < x < 90) has been 
investigated by means of differential magnetic susceptibility dM/dH. In low magnetic hetds, 
the dM/dH versus T curves show the m. indicating that the spin-glass state occurs through 
two steps. T*.o freezing temperatures are dehned from the two peaks in the curve. i.e. the 
higher temperaUlre is 7'' and the lower temperature is Tc. From h e  results of the magnetization 
measurement as a function of temperature, i.e. the M versus T curve, it is indicated that 
the magnetization s m  to decrease al Tg and a thermal irreversibility appears below Tr with 
decreasing temperature. With inaease in the applied magnetic held, a third peak appears at 
around 150 K in the dM/dH versus 7 c w e  for amorphous FewYls alloy. The position of this 
peak corresponds to the upper inflection point in the M versus 7 curve, k ing  dehned as the 
Curie temperature Tc. Therefore, r e d n m t  behaviour appears in this system on application of 
a magnetic field. The wncentration dependences of Tc and Tr for a held of 500 Oe are very 
similar D those obtained in mm field for other amorphous Fe- alloys (W. rareearth metal) 
such as FsLu  and Fe-Ce systems. 

1. Introduction 

The results obtained by investigation of the amorphous Fe2Y alloy (F'ickart ef a1 1974, 
Rhyne et a1 1974) show that this alloy has a magnetic property with no long-range order 
and with hysteresis phenomena. Subsequently, magnetic susceptibility, Mossbauer effect 
and neutron scattering studies were c a n i d  out for amorphous FQY alloy (Forester er a1 
1979a.b) and these results indicate that amorphous FezY shows a spin-glass behaviour. 
The magnetic properties of amorphous Fe,Ylw-r with x = 32-88 at.% were investigated 
by magnetization and Mossbauer effect measurements (Chappart et al 1978, 1981, Coey 
er a1 1981). and spin-glass behaviour with no ferromagnetic phase was observed even in 
much higher-reconcentration range than in conventional dilute spin-glass alloys. However, 
it has been revealed that the spin-glass behaviour in the amorphous Fe-Y system is unique, 
after the reports of the spin-glass behaviour in amorphous Fe-Zr alloys (Himyoshi and 
Fukamichi 1981, Saito et 01 1986) and the systematic investigations on amorphous Fe-RE 
alloys (RE E Y, La, Ce and Lu) (Fukamichi et a1 1988, 1989a,b, Wakabayashi et af 1990, 
Got0 et a1 1991). That is, except for Y, these alloys exhibit a magnetic phase mansition 
from the paramagnetic to the ferromagnetic phase before the spin-glass phase appears. On 
the other hand, amorphous Fe-Y alloys have no ferromagnetic phase over the whole range 
of compositions (Coey eta1 1981) and the magnetic phase changes from the paramagnetic 
to the spin-glass state without passing through the ferromagnetic phase with decreasing 
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temperature. All the other systems mentioned above show a direct transition from the 
paramagnetic to the spin-glass state at almost the same temperature above 90 at.% Fe, SO 

it is considered that this spin glass behaviour is concerned with the intrinsic magnetism of 
amorphous pure Fe (Fukamichi et a1 1989a.b). The spin-glass behaviour in amorphous pure 
Fe has been suppolted theoretically (Kakehashi 1991). 

The differential susceptibility is sensitive to the magnetic phase transition because it is 
the second differential of the free energy with respect to the magnetic field Therefore, it 
is well known that a transition from the paramagnetic to the ferromagnetic state results in 
a divergent-type peak at the Curie temperature in the curve of the temperature dependence 
of the differential susceptibifity. The effectiveness of the measurement of differential 
susceptibility for spin-glass systems was considered in both calculation and experiments 
(Nieuwenhuys et a1 1978). The calculation was based on the theory of the model proposed 
by Sherrington and Kirkpatrick (1975) and Kirkpatrick and Shemngton (1978). According 
to this model, the spin-glass state is determined by not only the magnetization M but 
also the spin-glass order parameter Q; m = 0 and q # 0. The free energy is obtained 
from the model of Shemngton and Kirkpatrick (1975) by using M and Q. Therefore, the 
differential magnetic susceptibility reflects the change in M and Q, and the calculation 
demonstrates that the differential magnetic susceptibility has a maximum at the spin-glass 
transition temperature. Accordingly, it is interesting to investigate in detail especially the 
spin-glass behaviour of amorphous Fey alloys. 

2. Experimental details 

The amorphous samples used in the present investigation were prepared by M: high-rate 
sputtering at an argon gas pressure of 40 mTorr and a target voltage of 1.0 kV. They 
were accumulated onto a water-cooled copper subsbate until their thickness became about 
0.1-0.2 mm. The sputtered samples were confirmed as amorphous by x-ray diffraction. 
The Cu substrate was dissolved in a heating solvent of CrO, (SO0 g) + HzSO4 (27 cm3) 
+ HzO (IO00 cm3) at 350 K. The magnetization was measured from 4.2 K to room 
temperature in various magnetic fields up to 1 kOe by means of a SQUm magnetometer. 
The differential magnetic susceptibility was calculated numerically from the adjoining two 
points of magnetization curves measured at each temperature. 

3. Results and dbcussion 

The temperature dependence of the differential magnetic susceptibility dM/dH of 
amorphous FegY16 alloy obtained at various DC fields is shown in figure 1. The dM/dH 
curve measured in a field H of 10 Oe shows only one maximum and it becomes clearer 
with increasing magnetic field, eventually splitting into two peaks. 'Avo peaks are, also 
observed in the dM/dH versus T curve at low temperatures for alloys with different Fe-Y 
compositions. This means that the spin-glass transition proceeds through two steps in the 
external magnetic field for the present amorphous Fe-Y system. Two transition temperatures 
Tf and Tg are defined as the boundary points of each step in the process of the spin-glass 
transition from the positions of each peak; the higher temperature is Tg and the lower 
temperature 5. Both peaks shift to lower temperatures on increase in the applied field 
H, and the peak corresponding to 5 becomes sharp, dthough the peak corresponding to 
7'' becomes uncertain. As seen from the figure, the peak for TB disappears and a third 
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broad peak appears at around 150 K in a field of 700 Oe. According to the results from 
experiments on the conventional spin-glass system PdFQ.oo3s + 6.5 at.% Mn, and f” the 
model calculation for this system (Nieuwenhuys et a1 1978), the appearance of a new peak 
in the dM/dH versus T curve due to the contribution of ferromagnetic property is observed 
with increasing external magnetic field, although the dM/dH curve for this system shows a 
single peak at zero fieid and this peak is regarded as corresponding to the Curie temperature. 
The temperature of the third peak in the dM/dH versus T curve for amorphous FeeY16 
alloy should also be the Curie temperature Tc. Further discussion of this peak will be given 
when we consider figure 3. 

0.2, I . , , , , . . 1 , I I I . , 

Temperature ( K ) Temperature ( K ) 
Figure 1. Temperaiure dependence of the differential 
magnetic susceptibility dMldH measured al 10.50. 80. 
300 and 700 Oe for amorphous FeuY16 alloy. 

Pigure 2. TemperaNre dependence of  the magnetiza- 
tion for amorphous FeWYls alloy at I00 Oe, measwd 
after rem-field cooling (m) and after field cooling (Fc) 
at 100 Oe. The inset shows thedMfdH cumeasa func- 
tion of temperamre for the same alloy at 1W Oe. The 
mwa indicate Tg and fi. 

Figure 2 shows the temperature dependence of the magnetization M measured at 100 Oe 
for amorphous Fe84Yl6 in the zero-field-cooled and field-cooled states. The inset shows the 
dM/dH versus T curve at 100 Oe for the same alloy. The abscissa and ordinate axes 
show the temperature and dM/dH, respectively. As shown in the figure, the temperature 
Tg corresponds to the maximum and Tr to the shoulder where the zero-field-cooling line 
starts to deviate from the field-cooling line. The magnetization decreases in the region 
below Tgr and a marked thermal hysteresis of the magnetization appears in the region below 
fi. Theoretical investigations of the spin-glass transition have been made in particular 
by using a mean-field model and the transitions described by de Almeida and Thouless 
(AT) (1978) and by Gabey and Toulouse (GT) (1981) are generally referred to in order to 
analyse the experimental results. The AT transition was originally derived from an king spin 
model using the replica symmetry trick (Kirkpatrick and Sherrington 1975) and it is defined 
according to AT as the change from the state in which the replica symmetry is stable to the 
state in which it is broken. According to the Heisenberg spin model with the hypothesis that 
average interaction is ferromagnetic, it is predicted by GT that only the transverse component 
of Spin can initially freeze, i.e. the GT transition occurs, and subsequently the AT transition 
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occurs with decreasing temperature. In this model, the replica symmetry is already broken 
after the occurrence of the GT transition; so the AT transition temperature for the vector 
spin with the general dimensions is considered as the crossover point from the state with 
weak irreversibility to the state with strong irreversibility (Elderfield and Sherrington 1984). 
From this point of view, T, should be the GT transition temperature Tm, and the decrease in 
magnetization below T, is due to the freezing of the transverse component of spins. On the 
other hand, Tr should be at the AT transition temperature TAT because an apparent thermal 
irreversibility is observed as a result of the broken replica symmetry, namely the freezing 
of the longitudinal component of spins below Tr. 

Figure 3. Temperature dependence of the 
magnetization far amorphous FewY16 alloy al 
1 M)e. The armw indicates the Curie temperature 

Temperature (K) Tc. 

Figure 3 shows the temperature dependence of the magnetization, the M versus T curve, 
for amorphous FeR4Y16 alloy at 1 kOe. The temperature of the third peak which appears in 
the differential susceptibility as shown in figure 1 corresponds to the upper inflection point 
of the M versus T curve. Therefore, the temperature of the third peak is confirmed as the 
Curie temperature Tc. As mentioned above, the magnetic properties of amorphous Fe-Y 
system are unique, compared with those of other amorphous Fe-rich Fe-RE alloys (RE rare- 
earth metals) (Fukamichi et al 1989a.b). Amorphous FexREIW-r alloys exhibit re-entrant 
spin-glass behaviour in the Fe-rich rrgion (except for x > 90 at%) but in amorphous Fe- 
Y alloys there is a direct change from the paramagnetic to the spin-glass state. On close 
observation, the cusp of the AC susceptibility for amorphous FesoYu, alloy is relatively broad 
compared with that of amorphous F%oY,o alloy, at which Fe concentration other amorphous 
Fe-RE alloys have a narrow temperature range of the ferromagnetic phase or show almost a 
direct spin-glass transition. This implies rhat amorphous ; F Q ~ Y ~  alloy lies at a composition 
very near to the occurrence of the ferromagnetic transition before freezing. Therefore, long- 
range ferromagnetic interactions are induced, or ferromagnetic-like alignments of spins are 
realized by applying an external magnetic field. 

The field dependences of Tf ,  Tg and TC for amorphous FeuY16 alloy are shown in 
figure 4(a). Both Tr and Tg strongly depend on the field shength and shift towards lower 
temperatures as the field increases. A reentrant behaviour can be seen at around 400 Oe. 
Figures 4(b) and 4(c) show the field dependences of Tf, Tg and TC for amorphous FeaoYzo 
and FQOYIO alloys. The temperature TC for amorphous FeSoYm alloy appears at 200 Oe 
and this strength of field is lower than that for amorphous FeuY16 alloy. On the other 
hand, the temperature TC for amorphous FQOY~O alloy can be observed above 1.5 kOe, 
and this strength of field is rather higher than that of amorphous Fes4Yl6 alloy and of 
amorphous FesoYzo alloy. Tt for amorphous FQOY,O alloy is observed even at 1.5 kOe 
and this disappears at 500 Oe for amorphous Fes4Yg6 alloy and at 300 Oe for amorphous 



Differential susceptibilifj of amorphous Fe-Y 3007 

l O O O , ,  . , , I , .  . . I , ,  . I ,  I . .  , 

Temperature (K) Temperature (K) 

(4 

E Figure 4. Magnetic phase diagram for the 
amorphous Fe-Y alloy system in magnetic fields: 

U L1 (a) amorphous FegdY16 alloy: (6) amorphous 
FesoYm alloy, and (c) amorphous FeaYlO 
alloy. The freezing temperam for the t i a n s v e ~  
component of spins the &zing temperature I 0  

50 100 150 zoo ( 6 )  the longitudinal component of spins and ule Curie 
temperatun: ?.re denoted by fi. T8 and Tc. Temperature (K) 

FeSoYm. It is therefore considered that ferromagnetic interaction becomes unstable while 
the antiferromagnetic interaction is developed, and frustration of both interactions becomes 
stronger with increasing Fe concentration. 

The field dependences of TGT and TAT are theoretically simulated in the H versus T 
plane and these two transition temperatures are predicted to obey certain power laws (AT and 
GT). From the above discussion, Ts and Tf should vary as TOT and TAT. However, T, and 
do not obey the power laws predicted for TGT and TAT. This disagreement could arise for the 
following two reasons. Experimentally, it is known that the field dependence of the spin- 
glass transition temperatures varies as a function of the time scale of measurements (Salamon 
and Herman 1978). because the spin-glass state shows a marked relaxation phenomenon 
with different times depending on the system. Furthermore, the GT and AT lmnsitions are 
derived from the king or the Heisenberg model; so, strictly speaking, these models are 
not suitable for the itinerant system in which spins fluctuate not only in the transverse 
direction but also in the longitudinal direction. However, the occurrence of the freezing 
of the transverse component of spins in Fe-rich amorphous alloy was also confirmed by 
Mossbauer effect measurements in magnetic fields for amorphous Fe-Zr alloys (Ghafari et 
al 1988, 1989, Ryan er al 1987), for amorphous F+La alloys (Wakabayashi et aI 1989) 
and for amorphous Fe-Lu alloys (Goto et a1 1991). For amorphous Fe-Lu alloys (Goto er 
al 1991). the temperatwe variations in coercive field and remanent magnetization have also 
been measured within the concenhzltion region in which remtrant behaviour appears and 
the results indicate that the re-entrant spin-glass phase of the amorphous Fe-Lu system is 
divided into two types of phase with weak irreversibility and strong irreversibility. From 
the above discussion, the spin-glass state of the amorphous Fe-Y system is also divided 
into two phases with a freezing of the transverse component of spins and with a strong 
irreversibility. Further investigations, e.g. AC susceptibility measurements with a DC bias 
field or Mossbauer effect measurements, are needed to study in detail these two freezing 



Figure 5. Concenuation depndences of lhe Curie temperature Tc 
and the freezing temperamre Tr for the longitudinal mmponent of 
spins al 500 Oe for amorphous Fe-Y alloys. The spin-freezing 
temperature T8 in zero field for amorphous F e y  alloys and the 
Curie temperature Ti and spin freezing temperature fi  in zero field 
for amorphous FeLu alloys in zero field (Fukamichi et a1 1989) 
are also shown. for comparison. 

steps in the spin glass. 
The temperatures Tf and TC in the same field clearly exhibit different concentration 

dependences. Figure 5 shows the concentration dependences of Tr and Tc defined from 
the dM/dH curve measured at 500 Oe. The temperatures 5 and TC for amorphous Fe-Lu 
alloys (Goto et 01 1991) and Tg for amorphous Fe-Y alloys (Fukamichi et a1 1989a,b) 
determined from the AC susceptibility are also shown in the same figure, for comparison. 
As shown in the figure, Tc and E at 500 Oe for amorphous Fe-Y alloys have the same 
tendency as those in zero field for amorphous Fe-Lu alloys. For amorphous Fe-Y alloys, 
TC at 500 Oe increases with decreasing Fe concentration and starts to decrease beyond 
80 at.% Fe, and E at 500 Oe continues to decrease up to the same concentration, while 
the maximum of Tc and the minimum of E in zero field for amorphous Fe-Lu alloys also 
occur at around 85 at.% Fe. 

Recently, the magnetism of amorphous transition metals and alloys has been 
theoretically discussed on the basis of a finite-temperature theory, and an itinerant-type 
spin-glass state has been proposed (Kakehashi 1991). According to this theory, the spin 
glass of Fe-rich amorphous Fe-RE alloys is a cluster spin glass. In the CPA approximation, the 
ferromagnetic interaction of the intracluster and the antiferromagnetic interaction reflected 
from the effective medium are frustrated, and it i s  predicted that the ferromagnetic phase 
which appears during the re-entrant behaviour originates from these ferromagnetic clusters 
and their growth. In the case of the amorphous Fe-Y system, it is considered that frustration 
of the ferromagnetic and antifemmagnetic interactions is stronger than for other amorphous 
Fe-& systems, resulting in the lack of a ferromagnetic phase; the external field assists the 
ferromagnetic interactions and growth of clusters, and then the Curie temperature appears 
when a magnetic field is applied. However, this theory for an itinerant-type spin glass 
neglects both the influence of external fields and the transverse fluctuation for simplicity; so 
information on the freezing of the transverse component of spins and the field dependence 
of its freezkg temperature cannot be obtained. 

In an Fe-rich amorphocs system, the Fe moment and the interaction between its nearest- 
neighbour Fe moments are mainly determined by the d-electron number and the local 
environment effect (LEE) related to the fluctuation in the atomic configuration of the first- 
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nearest-neighbour shell (Kakehashi 1991). The magnitude of this structural fluctuation 
affects the stability of ferromagnetism; a large fluctuation makes the ferromagnetic phase 
unstable and the iiustration becomes stronger, that is to say 'Fc becomes lower and Tr higher 
with increasing structural fluctuation. The lack of a ferromagnetic phase in amorphous 
Fe-Y alloys suggests that the fluctuation in the atomic configuration is larger than other 
amorphous FSRE alloys. In the binary alloy system, the LEE is also characterized by the 
coordination number (CN) and the short-range order (SRO) parameter of each element; so 
the size effect of the second element should be introduced in the LEE (Kakehashi et al 
1992). The theory of electronic-structure calculations in amorphous transition-metal alloys 
thus predicts the concentration dependence of the electronic configuration for amorphous 
Fe-Zr alloys (Kakehashi ef a! 1992). The magnetic phase diagram for amorphous Fe-Zr 
alloys can be simulated numerically (Yu eta1 1992). accounting for the LEE predicted by the 
above theory (Kakehashi et al 1992); the calculated result is qualitatively consistent with 
the experimental result (Hiroyoshi and Fukamichi 1981). Similarity between the magnetic 
phase diagram in zero field for amorphous F+RE alloys and that in an external field for 
amorphous Fe-Y alloys suggests that the concentration dependences of Tc and Tr in the 
external field for amorphous Fe-Y alloys also reflect the CN and the SRO parameter through 
the L E .  Furthermore, the CN and the SRO parameter are affected by not only the size of 
element but also the chemical affinity of the second element for Fe. A strong affinity allows 
the second element to be located on the first-nearest neighbour of the Fe site; so the CN of 
Fe around the Fe site decreases and the SRO parameter changes. Therefore, fluctuations in 
distance and in coordination between nearest Fe atoms should become larger than for pure 
amorphous Fe in binary amorphous alloys in which the elements have a strong affinity. In 
the crystalline Fe-Y system, many compounds exist in the Fe-rich region. In this system, 
the most stable distance between Fe atoms and the CN of Fe around change depending on the 
Fe concentration. When this fact is taken into accouuf it is believed that a large fluctuation 
in structure due to the fluctuation in concentration and the affinity of Y for Fe causes the 
different magnetic properties of amorphous Fe-Y alloys from those of other amorphous 
F M  alloys. As a result of the present investigation, it is revealed that the spin-glass 
behaviour in the amorphous Fe-Y system is essentially the same as in other amorphous 
Fe-m alloys. 

4. Conclusion 

The differential magnetic susceptibility measurements for amorphous Fe-Y alloys have 
been presented in order to investigate the spin-glass behaviour. In the extemal magnetic 
field, three types of transition temperature appear although, in zero field, only one freezing 
temperature is observed and comparison between the magnetic phase diagram in extemal 
fields for amorphous F 5 Y  alloys with those in zero field for other amorphous F+RE (RE 
= rare-earth metals) is also presented The results are summarized as follows. 

( I )  The temperature dependence of the differential magnetic susceptibility dM/dH for 
amorphous Fe-Y alloys exhibits two peaks in low-temperature ranges on application of a 
weak magnetic field, and two freezing temperature Tg and are defined from the positions 
of these peaks. 

(2) The magnetization staJts to decrease below Tg and thermal irreversibility appears 
below Tf; both Tg and Tr shift towards lower-temperature ranges with increasing magnetic 
field. 
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(3) When a strong magnetic field is applied, a third peak, the temperature of the inflection 
point of the magnetization corresponds, appears in the dM/dX c w e  indicating that this 
temperature corresponding to the third peak is the Curie temperature Tc. 

(4) A wentrant spin-glass behaviour is observed in the field versus temperature plane. 
Both r f  and T, shift towards lower temperatures while TC shifts towards a higher temperature 
with increasing magnetic field. 

(5) The concenuation dependences of Tc and f i  in extemal magnetic fields are analogous 
to those of amorphous Fe-RE alloys in zero field. This implies that the spin-glass behaviour 
in the amorphous Fe-Y system is essentially the same as those of other amorphous FsRE 
alloys. 
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