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Abstract. The dependences of saturarion magnetostriction As and forced-volume magne- 
tostriction h l a H  on the concenlration and temperature have been investignted for amorphous 
La(Fe,Ab-,)13 alloys prepared by highmte DC sputtering. The magnetic phase diagram ab- 
tuned from the differenhal magnetic suseeptibility dMldH has been correlated with these mag- 
netostrictions. 
The spin freezing temperature p is drastically decreased but the Curie temperature Tc is 

slightly increased on application of a magnetic field. The temperature dependences of I, and 
aulae exhibit a broad peak at the spin freezing temperature p ,  The temperature dependence 
of As for the ferromagnetic alloys is explained by the two-ion model, reflecting the peculiar 
amorphous smctnre consisting of icosahedral clusters. The peak of ao /aH at the Curie 
temperature becomes indistinct with increasing ferromagnetic state in conbaSt with the peak 
at the spin freezing temperature. The gimt values of au /aH and its divergent behaviour at 
the spin freezing temperature are accounted for by the variable amplitude of the local magnetic 
moment in the itinerant spin glasses. 

The significant large a o / a H  is connected with the pronounced large magnetovolume and 
magnetoelastic effects such as the spontaneous volume magnetostriction os, compressibility K 
and high-field susceptibility X ~ F  which bring about various Invar anomalies. 

1. Introduction 

Crystalline La(Fe,A11,)13 compounds are formed in the concentration range 0.46 < x < 
0.92 (Palstra et al 1984) and their magnetic properties have been investigated extensively 
(Palstra et nl 1984, 1985, 1986, Helmholdt et al 1986, Ludorf et al 1989). It has been 
reported that the magnetic state is sensitively influenced by x and the compound with 
x = 0.91 is antiferromagnetic (Helmholdt et a1 1986). These compounds have a cubic 
NaZnl, type of structure containing separated icosahedra composed of Fe and AI atoms 
(Palstra et al 1984). The icosahedral structure has often been closely correlated to the 
siructures of amorphous and quasicrystalline alloys (Kofart et al 1986, Widom 1988). 

The existence of icosahedral clusters in amorphous La(FexAll-,)13 (0.80 < x < 0.95) 
alloys has been confirmed by x-ray diffraction analysis (Matsubara et al 1992). The data on 
the isomer shift and quadrupole splitting for the crystalline and amorphous La(F~.gAlo.l)13 
alloys (Chiang et al 1994) have the same values, being consistent with the x-ray analysis 
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mentioned above. The amorphous alloys exhibit re-entrant spin-glass behaviour in the 
concentration range 0.85 < x < 0.95 (Chiang et al 1991). although the crystalline 
counterparts are antiferromagnetic (Palstra et a1 1985). The ferromagnetic state is stabilized 
below x = 0.85 in the amorphous alloys (Chiang et ai 1991). The nearest-neighbour 
configuration of Fe sites is very similar to that in y-Fe. The atomic distance of the Fe- 
Fe nearest neighbours in both crystalline and amorphous states is about 2.55 A (Ludorf 
et al 1989, Matsubara et a1 1992, Chiang et a1 1994). This value is very close to the 
critical distance for the transition from the ferromagnetic to antiferromagnetic state (Ludorf 
et ai 1989). In such circumstances, a pronounced thermal expansion anomaly associated 
with the Invar effect is observed in both states (Palstra et al 1985, Chiang et al 1992). 
The compressibility K obtained from data on the Brillouin scattering is extremely large 
(Yoshihara et a1 1994). Large values of the spontaneous volume magnetostriction U, and 
the high-field susceptibility ,q,f in the crystalline and amorphous states have been reported 
(Palstra etal 1985, Chiang er al 1991, 1992). These results are closely relevant to the Invar 
effects (Shiga 1992). Because ao/aH is proportional to the high-field susceptibility xhf. a 
large value of aw/aH is expected in the present amorphous alloys. 

The Invar effects are common to Fe-based amorphous alloys (Fukamichi 1983). 
Amorphous Zr-Fe alloys exhibit large thermal expansion and elastic anomalies (Fukamichi 
et al 1984, 1989) and these alloys show re-entrant spin-glass behaviour (Hiroyoshi and 
Fukamichi 1982, Fukamichi et a1 1989). The temperature dependence of the giant forced- 
volume magnetostriction ao /aH for the amorphous Zr-Fe alloys has been confirmed (Tange 
et a1 1989, 1990) and theoretically discussed using the Liberman-Pettifor formula, taking 
into account the thermal spin fluctuations (Kakehashi 1993). On the other hand, it has 
been pointed out that the saturation magnetoshiction As of amorphous Febased alloys is 
proportional to the square of the magnetization except at low temperatures (O'Handley 
1977), which is accounted for by the single-ion model (Callen and Callen 1963, 1965). 
The magnetization of the present amorphous alloys is large, ranging from about 140 to 
170 emu g-' at 4.2 K (Chiang et al 1991). 

Large values of the saturation and forced-volume magnetostrictions are expected for 
the amorphous La(Fe,Alt-,)p alloys. In the present paper, therefore, the dependences of 
the saturation magnetostriction As and the forced-volume magnetostriction aw/aH on the 
concentration and temperature have been investigated. The magnetic phase diagram in an 
applied magnetic field is obtained by measuring the differential magnetic susceptibility 
at various magnetic field strengths. These data will be connected with the spin-glass 
and ferromagnetic states. Furthermore, the iterant-electron spin-glass behaviour will be 
discussed. 

2. Experimental details 

The alloy targets for sputtering were made by arc melting in an argon gas atmosphere. 
Several amorphous La(Fe,All-,)I3 (0.80 < x < 0.95) samples about 0.3 mm thick were 
prepared by high-rate DC sputtering on a water-cooled Cu substrate. The Cu substrate was 
dissolved in dilute chromic acid kept at about 350 K. Their amorphous state was confirmed 
by x-ray diffraction. 

In order to obtain the magnetic transition temperatures, the magnetization was measured 
between 4.2 and 300 K in various magnetic fields up to 1 kOe with a SQUID magnetometer, 
and the differential magnetic susceptibility was calculated numerically from the adjoining 
two points of the magnetization curves measured at each temperature. Measurements of the 
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saturation magnetostriction h, and the forced-volume magnetostriction ao/a H were carried 
out by a three-terminal capacitance method at temperatures 4.2-300 K in magnetic fields 
up to 16 kOe. 

- 0  100 200 300 

T O  
Figure 1. Temperature dependence of ~e differential magnetic susceptibility dM/dH measured 
below 100 Oe for the amorphous LaCFeo.g,Ab,a;)n alloy. 

3. Results and discussion 

A magnetic phase diagram of the temperature versus magnetic field is necessary to discuss 
the forced-volume magnetostriction. The temperamre dependence of differential magnetic 
susceptibility dM/dH of the amorphous L~(FQ,~~AIo.os) I~  alloy obtained at various DC fields 
is shown in figure 1. The dM/dH curve measured in a field of 10 Oe shows two peaks. This 
means that the spin-glass transition proceeds through two steps, i.e. the higher temperature 
T, of the freezing temperature of transverse component of spins and the lower temperature 
Tr of the freezing temperature of longitudinal spin components (Fujita et al 1993). With 
increasing external magnetic field, both and T, shift to lower temperatures and the 
former peak becomes sharp but the latter peak becomes uncertain. On further increase in 
the magnetic field, Tg disappears and a third broad peak appears at around 200 K. This 
temperature is regarded as the Curie temperature TC because it corresponds to the inflection 
point of the thermomagnetization curve measured in the same magnetic field in analogy with 
the behaviour of Y-Fe amorphous alloys (Fujita era! 1993). As seen from figure 2, this third 
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peak shifts slightly to higher temperatures with increasing applied magnetic field. From these 
results, the freezing temperatures and the Curie temperatures versus the external magnetic 
field are obtained for the amorphous La(F%.ssAlo&3 and La(F%,wAlo,lo)l, alloys as 
shown in figure 3. A similar result for the amorphous La(F%.8Ab.2)13 alloy which has no 
spin-glass behaviour is given in figure 4. With increasing applied magnetic field strength, 
the peak corresponding to the Curie temperature increases slightly. Therefore, it should 
be emphasized that Tg and fi  are drastically decreased by relatively low magnetic fields, 
whereas TC is slightly increased on application of a magnetic field. 

E 
.cI 

T ( K )  
Figure 2 Temperamre dependence of the differential magnetic suseeptibility d M p H  measured 
above 100 Oe for the amorphous L.~(F~~.~~AIo.os) I~  alloy. 

Figures 5 and 6 show the longitudinal and transverse linear magnetostrictions for four 
amorphous La(FezA11-,)13 alloys measured at 4.2 K and 77 K, respectively. The directions 
of the arrows in figure 5 indicate the increasing and decreasing applied magnetic fields. 
The point to note is that the magnetostrictions 111 and 1~ of both directions at 4.2 K for 
the alloys with x = 0.95 and 0.90 do not return to the starting point when the applied 
magnetic field is decreased. This behaviour is caused by the magnetic viscosity which is 
characteristic of spin-glass alloys, and it disappears at 77 K as seen from figure 6. That is, 
the spin-glass state occurs at 4.2 K, and the ferromagnetic state at 77 K, in accordance with 
figure 3. The temperature dependence of the magnetic viscosity will be referred to later in 
the discussion of figure 10. The magnetostrictions of both directions are almost saturated 
above 5 kOe for x = 0.80 and 0.85. On the other hand, the curves for n = 0.90 and 0.95 
are not saturated. In the present study, the saturation magnetostriction hi for the latter has 
been obtained by linear extrapolation from the high-field ranges. 
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Figure 4. Teiperature dependence of the differentid magnetic susceptibility dMldH for the 
amorphous La(Peo,~oAlo~)13 alloy: - - -, shift in the Curie temperature with the external 
magnetic field strength. 

Figure 7 shows the temperature dependence of the saturation magnetization A, for the 
ferromagnetic amorphous alloys with x = 0.85 and 0.80. These amorphous alloys exhibit 
a monotonic variation with temperature, but the re-entrant spin-glass alloys with x = 0.90 
and 0.95 exhibit a broad maximum at the spin freezing temperature, as seen from figure 8. 
Shown in figure 9 is the concentration dependence of the saturation magnetostriction A, 
measured at 4.2 K in a field of 10 kOe. A maximum of about 26 x is observed at 
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H (kOe) 
Figure 5. The field dependences of the longitudinal magnetostriction A11 GO-) and the transverse 
magnetostriction A i  (a) at 4.2 K far amorphous La(Fe,AII-,)n alloys. nte directions of 
the m o w s  indicate the increasing and decreasing applied magnetic fields. 

x = 0.85, i.e. the value of As increases with increasing Fe content within the concentration 
of the ferromagnetic state, whereas it decreases in the regime of the spin-glass state. The 
temperature dependence of As has been accounted for using one- or two-ion models (Callen 
and Callen 1963, 1965, O'Handley 1978) and the temperature is often converted to the 
corresponding magnetization, It has been pointed out that A, for amorphous Fe,BI-, 
(0.78 < x < 0.86) and Feo.~~Po.&.~o alloys is expected to scale as the square MZ of 
the magnetization except at low temperatures (O'Handley 1977, Berry and Pritchet 1978) 
in accordance with the single-ion model (Callen and Callen 1965). Note that the oneion 
model seems to show a linear relationship in limited temperature ranges. The concenaation 
dependence of the square M 2  of the magnetization measured at the same applied magnetic 
field strength is also plotted in the same figure. The curve of A, exhibits a similar tendency 
to M2. On the other hand, the two-ion model shows that A, is proportional to the square M? 
of the magnetization throughout the entire temperature range up to the Curie temperature 
Tc. In figure 10, As versus MZ plots for the amorphous La(F%,80A10,20)13 ferromagnetic 
alloy are given in order to make the difference between these models clear. The one-ion 
and two-ion models are shown as a broken curve and a solid line, respectively. The data for 
L ~ ( F ~ ~ . ~ O A I O , Z ~ ) ~ ~  are on the solid line. Therefore, the present results are explicable by the 
two-ion model (Callen and Callen 1963, 1065). In the NaZnl,-type crystalline compounds 
La(Fe,Al1-,)13, there are two Fe sites in the icosahedral clusters, namely Fe' and Fe". The 
Fe' atoms are surrounded by an icosahedron of 12 Fe" composed of Fe and AI atoms, 
depending on x .  The Fe" atoms are surrounded by the nine nearest Fe" atoms and one 
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Figure 6. The field dependences of the longitudinal magnetostriction A,,  (-0-) and the transverse 
magnetostriction AI at 77 K for the amorphous La(FezAl]-r)~3 alloys. 

Fe' atom. The magnitudes of the magnetic moments of these two sites are very different 
from each other. For example, the value for Fe1 is 1 . 1 ~ ~  and that for Fe" is 2 . 1 4 ~ ~  
for the crystalline L a ( F ~ . 9 1 A l o . ~ ) l ~  alloy (Helmholdt et a1 1986). The present amorphous 
counterparts also have icosahedral clusters composed of Fe' and Fe" (Uatsubara er ai 1992, 
Chiang et al 1994). Therefore, the magnetic state of Fe' would be different from that of 
Fe", resulting in interactions which follow the two-ion model. 

Figure 11 shows the temperature dependence of the offset caused by the magnetic 
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T (K) 
Figure 8. Temperature dcpendonce of the satunbon magoemstriction A, 
glass amorphous La(Fe,Al~-,)r, alloys with x = 0.90 and 0.95. 

for lhe re-enmt spin- 

x 
Figure 9. Concentration dependence of the saturation Figure 10. The satumtion magnetostriction As 
magnetostriction A, at 4.2 K in IO kOe, together with that versus the square M 2  of ihc magnetization for the 
of the square Y2 of the magnetization (Chiang el 01 1991) amorphous La(Feu.so&.lo)lr ferromagnetic alloy: 
measured in the same applied magnetic field as for the - - -, one-ion model; -, two-ion model. 
amorphous La(FeXA1I-,)I1 alloys. 

viscosity AA for the re-entrant spin-glass alloys. The value of AA is defined by the value 
indicated in the inset which is a schematic figure around the origin for the re-entrant spin 
glass in figure 5. The directions of the arrows indicate increasing and decreasing applied 
magnetic fields. The transverse magnetostriction XL does not return to the starting point 
when the applied magnetic field is reduced to zero. The value of AA disappears in the 
vicinity of 20 K for x = 0.90 and 70 K for x = 0.95, as seen from figure 11. It is worth 
noting that these temperatures correspond to their spin freezing temperature in zero magnetic 
field as seen from figure 3.  Therefore, it  is concluded that this magnetic viscosity is caused 
by the spin-glass state. 
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%re 12. Temperature dependence of the forced-volume magneloslriction h / a H  for the 
ferromagnetic amorphous L~(F~,AII- , )I)  alloys with x = 0.80 and 0.85. 

Shown in figure 12 is the temperature dependence of the forced-volume magnetostriction 
aw/aH for the ferromagnetic amorphous La(FezA11-,)13 alloys with x = 0.80 and 0.85. 
The value of h / a H  is obtained from the following equation: 

aojau = ( a h j a w ,  +2(a~./an)~. (1) 

These curves exhibit a peak at the Curie temperature T,. The data for the re-entrant spin- 
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glass amorphous La(Fe,A11-,)13 alloys with x = 0.90 and 0.95 are also given in figure 13. 
The magnitudes of aw/aH for both ferromagnetic and re-entrant spin-glass amorphous 
alloys are very large and comparable with those of amorphous Zr-Fe and Zr-Fe-Ni alloys 
(Tange et al 1989, 1990). Note that aw/aH for a-Fe and y-Ni at room temperature are 
5 x Oe-', respectively (Snoek 1937, Tange and Tokunaga 1969). 
The transition temperature E is affected by applying a magnetic field as seen from figure 3. 
but the variation in E is not so significant above several hundred oersteds. On the other 
hand, Tc is slightly increased, as mentioned before. Therefore, we can define these two 
temperatures as given by the mows in figures 12 and 13. The peak at the Curie temperature 
Tc i s  reduced with increasing x and eventually disappears in the curve for x = 0.95. 
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Figure 14. (a)  Concentration dependence of the forced-volume magnetostriction aw/a H for 
the La(Fe,All_,)i? alloys. together with that of the high-field susceptibility X M  (Chiang er a1 
1991). (b) The data on the spontaneous volume magnetostriction os (Chiang er nl 1992) and 
the compressibility Y .  

fluctuations into consideration, the forced-volume magnetostriction a w / a H  is calculated 
from the following equation (Kakehashi 1993): 

where V is the volume per atom, b is the proportionality constant given by the radial 
wavefunction at the Wigner-Seitz sphere, .f is the effective exchange energy parameter, {) 
and [Is indicate the thermal and structural averages, respectively, is  the site-dependent 
random exchange field and the amplitude is directly connected with the amplitude 
[(m')]. of the local magnetic moment. It has been pointed out that the second term 
in equation (3) is dominant in itinerant-electron spin glasses (Kakehashi 1993). From 
equations (2) and (3), the forced-volume magnetostriction h / a H  is proportional to the 
compressibility K .  

The value of K is obtained from the following conventional expression: 

K = 3(1 - 2 c ) j E  (4) 

where U is Poisson's ratio and E Young's modulus. These two values at room temperature 
have been obtained from the Brillonin scattering data (Yoshihara er al 1994). On the other 
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hand, the temperature dependence of E for the amorphous La(Fe,A11-,)13 alloys is available 
(Chiang et al 1992). Therefore, we can obtain the compressibility K at 4.2 K from these 
results for the present amorphous alloys. The value of K thus obtained is very large, ranging 
from 0.88 x lo-’’ to 0.98 x cm2 dyn-’ in the range 0.80 < x < 0.90, being about 
twice that of the crystalline or-Fe, as shown in figure 14(b). Therefore, the large values 
of aw/aH given in figures 12 and 13 are closely correlated with such a large value of 
K .  These results on aw/aH, xhf .  K and w, show similar trends. Recently, RE(Fe,AII-,),, 
(RE = La, Y, Ce or Lu) amorphous alloys consisting of the icosahedral clusters have been 
confirmed as exhibiting reentrant spin-glass behaviour in higher Fe concentration ranges 
above x = 0.90 (Fukamichi eta1 1994). The forced-volume and saturation magnetostrictions 
of these amorphous alloys are also expected to be similar to those of the present amorphous 
alloys. 

4. Conclusion 

The dependences of saturation and forced-volume magnetostrictions on concentration and 
temperature have been investigated for the amorphous La(Fe,A11-,)13 alloys prepared by 
high-rate DC sputtering. Various physical values are closely interrelated with their significant 
magnetovolume effects. These results have been discussed in connection with the magnetic 
phase diagram obtained from the differential magnetic susceptibility dM/dH. Furthermore, 
the itinerant spin-glass behaviour has been discussed. The main results are summarized as 
follows. 

(a) In the re-entrant spin-glass regime, the Curie temperature Tc is slightly increased 
but the spin freezing temperature f i  is drastically decreased on application of a magnetic 
field. 

@)The magnetic field dependence of the saturation magnetostriction A, in the spin-glass 
state exhibits hysteresis which disappears above the spin freezing temperature p. 

(c) The concentration dependence of the saturation magnetostriction A, is similar to that 
of the square M 2  of the magnetization. 

(d) The temperature dependence of the saturation magnetostriction As for the amorphous 
ferromagnetic alloys is explained by the two-ion model. 

(e) The forced-volume magnetostriction aw f aH for the re-entrant spin-glass alloys 
exhibits a broad peak at the spin freezing temperature p in addition to the peak at the 
Curie temperature Tc. 

( f )  The peak at the spin freezing temperature f i  is explained to be characteristic in the 
itinerant-electron spin glass. The giant forced-volume magnetostriction soja H is associated 
with the itinerant-electron spin-glass state. 

(g) The value of ao/aH at 4.2 K shows a marked increase with increasing 
Fe concentration, in analogy with the spontaneous volume magnetostriction U,, the 
compressibility K and the high-field susceptibility xhf .  
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