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Abstract. Atomic structures of amorphous La(Fe,Al-,)lj alloys (x = 0.80, 0.85, 0.90 
and 0.95) were studied by x-ray diffraction. The dishnce betyeen the icasahednl cluster 
and the La atom is slishtly reduced with the increase in X. This indicates a slight change 
in arrangements of the icosahedd clusters around the La atom Without changing the basic 
sunnure of the icosahednl clusters. On the other hand, the concenuation dependence of 
coordination numbers for Fe-Fe pairs in the amorphous state resembles that in the crystalline 
state. From the "Fe MBssbauer specua, it was revealed that loml environment around Fe 
atoms in the Lx(Feo.uAlo.~)~, alloy is very similar to that m the crystalline counterport. The 
magnetic properties of the amorphous and aystalline alloys have been closely correlated With 
their characteristic atomic structures. 

1. Introduction 

The La(Fe,A11-,)13 compounds with a cubic NaZnt3-type structure have been produced 
in a wide x range (0.46 < x < 0.92) (van der Kraan et al 1983) in spite of the positive 
mixing enthalpy for the La-Fe system (Kubaschewski 1982). The L,a(Fe,A11-,)13 crystals 
show three different magnetic orders. The temperature dependence of the AC susceptibility 
curve exhibits a cusp in the low-Fe-concentration range (0.46 < x < 0.62), indicating a 
micromagnetic-like state. A ferromagnetic state appears on increasing the Fe conceneation 
from 0.62 to 0.86. For higher Fe concentrations up to 0.92, the antiferromagnetic state 
becomes stable and a metamagnetic transition is induced by an external field of a few teslas 
(Palstra ef al 1984). The ferromagnetic state is transformed into the antiferromagnetic state 
by applying a hydrostatic pressure (Abd-Elmeguid et al 1987). These magnetic properties 
are attributed to their characteristic atomic structure consisting of Fe(AI) icosahedral clusters 
located at the corner and a La atom at the body centre of a cubic cell (Helmholdt etal 1986). 

Recently, the magnetic properties of amorphous La(Fe,Alt-,)l3 alloys (0.80 < x < 
0.95) have been investigated (Chiang eral 1991). The ferromagnetic state becomes unstable 
on increase in x ,  and re-entrant spin-glass behaviour is observed in the range where the 
crystals are antiferromagnetic. The La(Fe,A11-,)13 alloys in the amorphous and crystalline 
states exhibit marked thermal expansion and elastic anomalies (Palstra et al 1985, Chiang 
et al 1992). It has been found that the Curie temperature of the amorphous alloys is higher 
than the Curie or NCel temperature of the crystals, which is in striking contrast with many 
other amorphous Fe-based alloys, because the ferromagnetism of almost all Fe-based alloys 
is much weaker in the amorphous state than in the crystalline state (Fukamichi er al 1989). 
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The magnetic moment and the Curie temperature of Fe-based amorphous alloys are 
strongly affected by the atomic distance and coordination number of the nearest-neighbour 
Fe-Fe pairs. Thus, in the present study, the atomic stmchues of amorphous La(Fe,AI1-,)I~ 
alloys (0.80 < x < 0.95) have been systematically investigated by x-ray diffraction. 
Furthermore, Mossbauer spectroscopy is sensitive to local physical properties. In particular, 
the local symmetry around an Fe atom in amorphous alloys can be determined through the 
interaction between the nuclear quadrupole moment and the electric field gradient created 
by the electric charges distributed around the Fe nucleus. It is useful, therefore, in shedding 
some light on the local atomic arrangement in the amorphous alloys. From the atomic 
distances and coordination numbers determined in the present work, the relationship between 
the atomic structures and magnetic properties of these amorphous alloys will be discussed. 

2. Experimental details 

Amorphous La(Fe,Al1_,)13 alloys about 0.3 mm thick were grown on a water-cooled Cu 
substrate by high-rate DC sputtering using alloy targets about 50 mm in diameter prepared by 
arc melting in an argon atmosphere. The argon gas pressure during sputtering was 40 mTorr. 
The target voltage and the anode current were 1.0 kV and 6.0 A, respectively. After the Cu 
substrate had been dissolved in a mixed solution of CrO3 (500 g). H2S04 (7.5 ml) and H20 
(1000 ml) at 350 K, the densities of the amorphous La(Fe,All-,)13 alloys were determined 
by the Archimedean method using toluene as a working fluid. Their densities are 6.67, 
6.88, 7.11 and 7.31 Mg m3 for x = 0.80, 0.85, 0.90 and 0.95, respectively. 

The sputtered samples for x-ray diffraction measurement were cut into 10 mm by 20 mm 
plate with the Cu substrate. The sample surface was carefully polished with emery paper 
and 1 p m  diamond paste in order to make the surface flat. The sample was kept in dry 
helium gas during measurement. The x-ray diffraction measurement was carried out, using 
the ordinary 8-20 coupling geometry with a molybdenum x-ray target and a flat Ge(l11) 
single-crystal monochromator in the incident beam. The scattering intensity from the sample 
was measured using a scintillation counter with a pulse height analyser in order to eliminate 
Fe and La fluorescent radiations. 

The observed intensities were corrected for air scattering, absorption and polarization 
and converted to absolute units per atom by the generalized Krogh-Moe-Norman method 
(Wagner et al 1965) with the x-ray atomic scattering factors (International Tables for X -  
ray CrystalIography vol IV 1974) including the anomalous dispersion terms (International 
Tables for X-ray Crysta!lography vol IV 1974). Then, the coherent intensity I,(Q) in 
absolute units was obtained by subtracting the theoretical Compton scattering (International 
Tables for X-ray Crystallography vol III 1968) with the Breit-Dirac recoil factors. From 
the intensity Ieu(Q), the reduced interference function Qi(Q) of the sample was evaluated 
using the following equation (Waseda 1980): 

where Q = (431 sin8)/A, 8 is half the angle between the incident and the diffracted beam, 
A is the wavelength, N is the total number of the constituent elements, and cj and fi 
are the atomic fraction and atomic scattering factor, respectively, of the j t h  element. The 
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Figure 1. Interference functions Q i ( Q )  of amorphous La(Fe,Ali,)ir alloys. 

reduced radial distribution function (RDF) is calculated from the Fourier transformation of 
the interference functions: 

2ir2rp(r)  = 2rr2rpo + l""" QitQ)sin(Qr)dQ (2) 

where p ( r )  is the radial number density function and po is the average number density of 
the sample. 

The Mossbauer spectra were also measured at 290 Kin the transition arrangement using 
a conventional constant-acceleration spectrometer with a "Co(Rh) source. The film samples 
were sputter deposited on polyimide substrates. The velocity calibration was made with an 
Fe foil at 290 K. 

The magnetization measurement was carried out with a SQUID magnetometer. The 
differential magnetic susceptibility was calculated numerically from the adjoining two points 
of magnetization curves measured at each temperature in various magnetic fields. 

3. Results and discussion 

The interference functions Qi(Q) of the amorphous La(Fe,All-,h alloys (0.80 < x < 
0.95) are shown in figure 1. The essential features in the structural profile are classified 
into the typical amorphous materials except for fairly distinct oscillations present even in 
the high-Q region. This kind of intensity profile is hardly observed in metallic amorphous 
alloys and rather resembles those for oxide glasses. Such a profile implies the presence 
of chemical short-range ordering clusters with definite bond lengths and angular relations 
(Egelstaff et al 1971). 
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The atomic distances and coordination numbers of these amorphous alloys were 
evaluated using the least-squares variational method for the interference function on the 
basis of the successful result applied to determining the local unit structure in Si02 and 
BeFz glasses (Narten and Levy 1969). The non-linear least-squares program developed by 
Levy et ai (1966) was slightly modified and used in the present analysis. A brief summary 
of this method required for the following discussion will be given below. 

The interference function Qi (Q) may be given by (Narten and Levy 1969) 

(3) 

where N' is the number of near-neighbour atoms for a type-j atom, and Njk and rjk are the 
coordination number and the average distance of the j -k  pairs. The value of bjk is the mean 
square variation. The quantities r,, and bLm, respectively, represent the average size and 
the variation in the boundary region. In practice, the distances and coordination numbers 
of near-neighbour correlations are obtained by the least-squares calculation of equation (3) 
so as to reproduce the experimental interference function data. The interference functions 
obtained in this procedure are also shown by the broken curves in figure 1. 

The starting parameters for the least-squares variations were set by calculating the 
average coordination numbers and atomic distances of the La(Feo,9,Alo,os)l3 crystal at 300 K 
(Helmholdt et ai 1986). These values are given in table 1 with the final results for each 
sample. The errors of the results were estimated from the variancecovariance matrix in 
the least-squares variational method. For the present least-squares variational analysis, it 
is assumed that Fe and AI atoms randomly share the atomic sites at the vertices of the 
icosahedral clusters in the amorphous structure as in the crystal structure. Since Fe and A1 
atoms randomly share the same atomic sites in the crystal structure (Helmholdt etal 1986), 
the coordination numbers for Fe-AI pairs are readily calculated simply by multiplying the 
ratio (1 - x ) / x  of the atomic fractions of AI and Fe by the coordination number for Fe-Fe 
pairs in table 1. In crystalline La(Feo.~,Alo,~,9)~~ the icosahedral clusters formed by Fe and 
A1 atoms located at their vertices and Fe atoms located at the centre are present at the 
corner of the cubic cell and the La atom is located at its body-centred position. Since the 
coordination numbers and atomic distances of Fe-Fe pairs for the amorphous alloys and for 
the crystal in table 1 show little difference, it is plausible that the local short-range ordering 
clusters in the amorphous alloys are the same icosahedral clusters as those in  the crystalline 
state (Matsubara et al 1992). 

The coordination numbers of the nearest-neighbour La-Fe pairs will provide us with 
structural information on the configuration around the icosahedral clusters around the La 
atom. That is, the coordination numbers of La-Fe pairs for the amorphous alloys are smaller 
than those for the crystals. These experimental results indicate that the distribution of the 
icosahedral clusters around the La atom in the amorphous alloy is extremely different from 
that in the crystal. Thus, the structure of the present amorphous alloys is not considered 
simply to be an assembly of microcrystals of La(Fe,AIl-,),3 (Cargill 1975). From the ratio 
of the coordination numbers for La-Fe(Al) pairs in the amorphous and crystalline alloys, 
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it is found that the number of the clusters around the La atom decreases to about three 
quarters of that in the crystals. This number decreases with increase in x .  

The reduced RDFs for the amorphous L~(F~,AII- , ) I~ alloys are shown in figure 2. The 
solid and broken curves were obtained by the Fourier transformation of the experimental 
and calculated interferelice functions, respectively, in figure 1.  The first peak composed 
of two peaks at about 0.25 and 0.32 nm is isolated from other peaks and fairly distinct 
oscillations are present even up to the middle distance range. These features also indicate 
the presence of the short-range ordering clusters in the present amorphous alloys. 

Figure 2. Concentration dependence of fhe RDR of amorphous La(Fe,Al1_,)13 alloys. 

Fe atoms occupy two different sites in the La(Fe,AlI-,)13 crystals, i.e. they are located 
at the centre and vertices of the icosahedron. The shortest Fe-Fe distance in the crystal is the 
distance between the Fe atoms at the centre and vertices. This distance is about 4% shorter 
than those between the Fe atoms at the vertices. Although the result of the least-square 
variational analysis for the amorphous alloy clearly suggests the presence of icosahedral 
clusters, the structural parameters determined in the present analysis are the average values 
for aU Fe atoms in the icosahedral cluster. Thus. the parameters of the amorphous alloys 
are compared with the average values calculated from the crystalline data summarized in 
the same table. The distance of the nearest-neighbour Fe-Fe pair hardly depends on the 
concentration, being about 0.255 nm (0.80 < x < 0.95). This value coincides with the 
Fe-Fe distance of the corresponding crystal. 

Figure 3 shows the concentration dependence of the coordination number of the nearest- 
neighbour Fe-Fe pairs, together with that of the crystals (Palstra er d 1985). The value 
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increases from 8.4 for x = 0.8 to 9.5 for x = 0.95 as seen from figure and the crystals take 
almost sane values. Thus, the change in the coordination numbers of the nearest-neighbour 
Fe-Fe pairs in these amorphous alloys may be attributed not to any change in the internal 
structure of the icosahedral clusters but to an increase in the Fe concentration. 

11 I i I 

: 8  
0 
U (i * amorphous 

crystalline 

7 1  I I I I 1 
0.75 0.80 0.85 0.90 0.95 1.00 

X Concentration,  

Figure 3. Concentration dependence of the coordinarion number of the nearest-neighbour Fe-Fe 
pairs in [he amorphous state, together with that in the crysfalline state (Palm etal 1985). 

The coordination number of La-Fe(AI) pairs is smaller in the amorphous state than 
in the crystalline state, and the atomic distance between the La-Fe(A1) nearest-neighbour 
pairs is shorter in the amorphous state than in the crystalline state. The La atom is totally 
surrounded by eight icosahedra, i.e. 24 Fe atoms. Thus, by dividing the coordination number 
of the La-Fe pairs in table 1 by 3, it is found that the La atom is surrounded by about six 
icosahedral clusters. The average radius of the La atom in the amorphous alloys calculated 
from the nearest-neighbour Fe-Fe and La-Fe pairs in table 1 is about 0.192 nm. Since 
the icosahedral clusters in the amorphous alloy resemble those in the crystal, the radius of 
the icosahedral cluster in the amorphous alloy is calculated to be 0.289 nm from the lattice 
parameter of the crystal (0.577 tun) by assuming a sphere for the icosahedral cluster. The 
ratio of the radius of the La atom to that of the icosahedral cluster in the amorphous alloy is 
0.665. These experimental results suggest that the La atom is located at the octahedral site 
formed by the icosahedral cluster. Consequently, it is clearly seen that the atomic structure 
of the amorphous alloy is in striking contrast with that in the crystal, although the local 
structural unit is the icosahedral clusters of Fe(A1) atoms. 

The "Fe Mossbauer spectra in the paramagnetic state were measured so as to discuss 
the local environment around Fe in La(FexAIl-,)13 alloys. The Mossbauer spectra at 
290 K for the amorphous and crystalline LaOjeo.9Alo.l)13 alloys are shown in figure 4. 
The linewidth of the Mossbauer spectra is much wider than the natural linewidth of 57Fe, 
which is ascribed to the distribution of the quadrupole interactions. The lower-velocity 
absorption peak is slightly larger than the higher-velocity peak. This asymmetric spectrum 
is attributed to the distribution of isomer shifts which correlates with the distribution of the 
quadrupole interactions. The average isomer shift and quadrupole splitting of the amorphous 
and crystalline alloys La(Fq,gAlo,l)la are summarized in table 2, together with those of 
amorphous La17.5Fe~2.5 alloy for comparison. These two values are equal in the amorphous 
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and crystalline states for the La(F~.gAlo,l)l,. This implies that the local environment 
around the Fe atoms in two states is very similar to each other. This is consistent with 
the results obtained by x-ray diffraction. Furthermore, the value of average quadrupole 
splitting of the binary amorphous Lal7.SFeg2.3 alloy (Wakabayashi et al 1989) is slightly 
larger than that of the La(FQ.gAlo.t)t, alloy, although the Fe content in both alloys is 
not so different. This suggests that there is some difference between the local atomic 
arrangements of the amorphous L ~ ( F Q . ~ A I o . ~ ) ~ ~  and La,?,SFeBz.s alloys. In the former 
amorphous alloy, the presence of icosahedral clusters may suppress the fluctuation in the 
local atomic arrangements such as the number of the nearest-neighbour atoms and the atomic 
distance. 

Table 2. MBssbauer parameters at 290 K for amorphous and crystalline h(Fq),uAlo.l)l, alloys, 
together with those of amorphous hIT,IFegz,5 alloy Wakabayashi er nl 1989). 

Average isomer Average quadNpole 
shift splining 

Allov (mm s-I)  (mm s- l )  

Figure 4. Miissbauer specm 3 290 K for La(Fq).sAlo.j)ls alloys in (a) the amorphous state 
and (b) the crysolline sfate. 

The magnetic moment and the Curie temperature of Fe-based alloys are strongly affected 
by the local environment of the Fe atoms characterized by the coordination number and 
the atomic distance of Fe-Fe nearest-neighbour pairs. According to the expanded finite- 
temperature theory taking into account the structural disorder, the magnetic moment of 
the central Fe atom depends on the number n of pairs defined by the central atom and 
the near-neighbour atoms located at a distance shorter than the average nearest-neighbour 
distance (Kakehashi 1990, 1991). That is, the Fe atom has a large moment of 2 . 5 ~ ~  
for n = 0 and ferromagnetically interacts with the neighbouring atoms. For n = 6, 
the Fe atom has a small moment of 1 . 2 ~ ~  and interacts antiferromagnetically with the 
neighbouring atoms. The central Fe atom with n = 12 has no local moment (Kakehasbi 
1990). Thus, the antiferromagnetic interactions in the Fe-rich region might be ascribed 
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to large Fe-Fe coordination numbers, such as 12 and 10 for the Fe atom at the centre 
and vertices, respectively, of the icosahedral clusters. Furthermore, according to the 
relation between the magnetic state and the atomic distance for Fe (Wassermann 1990). 
the short distance of the nearest-neighbour Fe-Fe pair given in table 1 also introduces 
the antiferromagnetic interactions. However, the long-range antiferromagnetic order is not 
so feasible in amorphous alloys (Kaneyoshi 1984). As a result, it is expected that the 
spin-glass state due to the frustrated antiferromagnetic interactions exist at sufficiently low 
temperatures (Chiang et a1 1991) in the concentration range where the antiferromagnetic 
order appears in the crystalline state. The increase in the spin freezing temperature with 
increasing x may be related to the increase in the coordination number from 8.4 for x = 0.8, 
to 9.5 for x = 0.95. 

The magnetic properties of amorphous Fe-based alloys which exhibit spin-glass 
behaviour are very sensitive to the applied magnetic field and hydrostatic pressure (Goto 
e t  a[ 1988). Figure 5 shows the magnetic phase diagram of amorphous La(Feo.gsAl0.05)13 
alloy in the magnetic field, which is obtained from the differential magnetic susceptibility 
measurement. The Curie temperature T, slightly increases with increase in the applied 
magnetic field. On the contrary, the freezing temperature of the transverse component of 
spins T, and that of the longitudinal component Tr drastically decrease in a similar manner 
as obtained for the amorphous Fe-Y alloy system (Fujitn et al 1993). 

1000, I 1 

' El "'1 !\ Tr , . . , ( 1 
M 3 200 . 

f 
\ Ts 

.\'S. .;". ... +. 
0 50 100 150 200 250 0 

Temperature (K) 

Figure 5. Magnetic phase diagram of an amorphous Lo(Fql,g~AIu.oh alloy in the magnetic 
field. 

4. Conclusions 

The coordination numbers and atomic distances of Fe-Fe pairs in the amorphous 
La(FQ,gAlo,l)l3 alloy are scarcely different from those in the corresponding crystalline alloy. 
The concentration dependence of the coordination numbers for F e F e  pairs in the amorphous 
state is analogous to that in the crystalline state. Similarity of the local environments around 
Fe atoms in both states is also confirmed by the Mossbauer effect measurements. The close 
,..:IA .til:: between the local structure and magnetic properties has been well appreciated. 
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