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Magnetic and thermal properties of amorphous
Al-Gd-TM (TM=Fe, Cu) alloys
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Amorphous aluminium-transition metal-rare earth alloys (AI-RE-TM) with compositions
Algs GdqsCuse and Al Gdq Fe; have been prepared by melt spinning. X-ray diffraction studies
show the average interatomic spacing in these alloys to be about 7% greater than in fcc
aluminium and about 20% greater than in amorphous AI-TM-Si alloys. Thermal analysis
measurements of the AlgsGd;5Cuso and Al, Gd, Fe, alloys show the crystallization temperatures
to be 647 and 945 K, respectively. Magnetization studies show Alg5 Gd5Cuse to be paramagnetic
with a localized gadolinium moment of 8.0 + 0.2 Hg- Al, Gd, Fe1 shows ferromagnetic behaviour,
with T, = 275 K and a saturation magnetization of 124 e.m.u.g~". A room-temperature °’ Fe
Mossbauer spectrum of Al,; Gd, Fe; shows a well-defined quadrupole doublet with a mean
splitting of about 0.4 mms~". At 77 K, the Mdssbauer spectrum shows a well-resolved sextet,

corresponding to a mean iron hyperfine field of 96 kOe.

1. Introduction

Transition metal-based amorphous alloys have been
studied extensively during the past decade or so.
Much of this work has been motivated by possible
commercial applications which utilize their unusual
mechanical properties, their superior soft magnetic
properties, and their ability to absorb large quantities
of hydrogen. Amorphous aluminium-based alloys
have been known since the early 1980s in AI-TM-M
(TM = transition metal, and M = metalloid) alloys
[1, 2]. As these alloys are typically very brittle and are
only weakly paramagnetic, there was little interest in
the possibility of developing commercially viable alu-
minium-based amorphous alloys. In recent years,
however, the situation has changed with the discovery
of amorphous AI-RE~-TM (RE = rare-carth) alloys
which exhibit exceptional tensile strength [3-7]. The
principal difficulty in utilizing these materials comes
from their low thermal stability. More recently, a class
of amorphous AIl-RE-TM alloys, which exhibits
strong magnetic properties, has been discovered [8, 9].
In the present work we studied the physical properties
of two new Al-Gd-TM alloys which exhibit unusual
magnetic and thermal properties.

2. Experimental procedure

Samples of the composition AlgsGd,sCu,e and
Al, Gd, Fe, were prepared by arc-melting high-purity
elemental constituents followed by rapid quenching

on to a single copper roller with a surface velocity of
~60ms~!. All samples were investigated using
CuK, X-ray powder-diffraction methods on a Siemens
D500 scanning diffractometer. The thermal properties
of all samples were studied using a Fisher 260F ther-
mal analyser with a heating rate of 20 Kmin™'. Mag-
netization was measured as a function of temperature
using a SHE superconducting quantum interference
device (SQUID) magnetometer with an external d.c.
field of 1 T. >’Fe Méssbauer effect spectra were ob-
tained at various temperatures using a Pd>”Co source,
and a conventional constant acceleration spectro-
meter with an intrinsic iron linewidth of 0.23 mm (full
width at half maximum, FWHM).

3. Results

3.1. X-ray diffraction studies

X-ray diffraction results have shown the as-quenched
alloys to be amorphous, with no indication of crystal-
line peaks. This puts an upper limit of about 0.5% on
the concentration of any crystalline phases. The loca-
tion of the first major diffuse peak gives the mean
interatomic spacing in the amorphous structure, {d),
as given in Table I. The anomalously large values of
{d) result from the presence of rare-earths in these
alloys. As anticipated, the Al-Gd-Cu alloy, which
contains 65 at % Al shows a somewhat smaller {d)
than the Al-Gd-Fe alloy, which contains only
33at% AL
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TABLE I Location of the first major diffraction peak (Cuk,
radiation), 26, with the mean interatomic spacing for a dense
random packing of atoms structure {d) = \/6X/(4sin6). Also given
are the temperatures at which crystallization occurs, T, as
described in Section 3.2. Results are given for various amorphous
aluminium-based alloys and fcc aluminium

Alloy 26 {dy T.(K) Reference
(deg) (nm)

Al Gd,;Cu,, 36.39 0.3022 647 Present work

Al Gd, Fe, 35.38 0.3105 945 Present work

Al Fe Ce, 37.95 02902 543 9

Al Mn,Si,, 4611 02409 676 [10]

fcc Al - 0.2863 - -
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3.2. Thermal analysis studies

Differential thermal analysis (DTA) scans of the alloys
studied here are illustrated in Fig. 1. The alloys show
crystailization with onsets as given in Table L.
Amorphous AlgoCesFes and similar alloys, reported
previously [3-6], show unusually high tensile strength
but anomalously low values of the crystallization tem-
perature. The alloys studied here show much greater
thermal stability with crystallization temperatures
of up to 945 K (for Al-Gd-Fe). Unfortunately, these
alloys, show relatively poor ductility.

3.3. Magnetic susceptibility

The magnetic susceptibility of amorphous Al-Gd-Cu
and Al-Gd-Fe as a function of temperature is illus-
trated in Fig. 2. Results for Al-Gd—Cu show typical
Curie paramagnetic behaviour. These data were fit to
a susceptibility, y = M/H, of the form

X = CAT—9 (1)
where the Curie constant is given as
C = nper’/3kp (2)

where n is the concentration of magnetic ions {(gadolin-
ium) per unit volume, . is the effective paramagnetic
moment per ion, and kg is the Boltzmann constant.
A fit to the data yields parameters 6 = 12 + 1 K and
Lerr = 8.0 + 0.2 pg. The value of 1 is consistent with
the expected 4f contribution due to the gadolinium
ions.

The magnetization of Al; Gd, Fe,, as shown in Fig.
2c¢, shows the existence of strong ferromagnetism with
a Curie temperature T, = 275 K. The saturation mag-
netization in an applied field of 1 T is 124 em.u. g™ !,
This is substantially greater than the largest values of
saturation magnetization observed in aluminium-
based quasicrystals where the moment is associated
with manganese [ 11, 12]. These ferromagnetic quasi-
crystals, as well as other amorphous aluminium-based
ferromagnets [13], show a deviation of the field-
cooled and zero-field-cooled magnetization at low
temperature, characteristic of re-entrant spin-glass be-
haviour {13, 14]. Associated with this is the existence
of non-Brillouin magnetization behaviour, parti-
cularly at low temperatures. The present Al, Gd, Fe,
amorphous alloy shows a conventional ferromagnetic
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Figure 1 Thermal analysis scans obtained at a heating rate of 20 K
min~" for (a) Al;;Gd,,Cu,,, and (b) Al; Gd, Fe;.
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Figure 2 Magnetization as a function of temperature for (a)
Al,,Gd, Cu,,, and (b) Al;Gd,Fe, measured in an externally
applied field of 1 T.

magnetization curve and no distinction between field-
cooled and zero-field-cooled magnetizations, even in
an applied field of 1 T at low temperature. The exist-
ence of two potentially moment-carrying species in
this alloy, iron and gadolinium, does not allow us to
extract specific moment values from the magnetiza-
tion measurements.

3.4. Room-temperature Mossbauer effect
studies

A room-temperature *>’Fe Mossbauer effect spectrum

for Al-Gd-Fe is illustrated in Fig. 3. As we would
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Figure 3 Room-temperature °’Fe Méssbauer effect spectra of
Al;Gd,; Fe,. The solid curve is a fit using the LeCaer—Dubois
method.

expect on the basis of the magnetization studies, this
alloy shows a quadrupole split doublet at room tem-
perature. The suitability of two different methods of
analysis for the present spectrum has been considered.
Firstly, we have used the shell method proposed by
Czjzek [15]. This expands the distribution of quadru-
pole splittings, P(A), as

P(A) oc (A/o)exp(— A?/20%) 3)

where o and » are fitted parameters. The parameter
n was introduced by Fibschutz et al. [16] to account
for the short-range order present in disordered mater-
ials, e.g. quasicrystals. In the present case, spectral
asymmetry is taken into account by a correlation
between the isomer shift, 8, and the quadrupole splitt-
ing of the form

3(A) = 8 + 0A 4

where 8, and « are fitted parameters. For the shell
model, the mean quadrupole splitting is given in terms
of the fitted parameters as [17]

A = J26T((n + 2)/2)/T((n + 1)/2) (5)

where ['(x) is the Riemann gamma function.

Secondly, we have used the method of LeCaer and
Dubois [18] to fit the distribution of quadrupole in-
teractions. This method makes no a priori assumption
about the functional form of P(A), but rather expands
this distribution as a set of discrete points. In this case,
as well, isomer shift-quadrupole splitting correlations
were accounted for by Equation 4.

Parameters obtained from these fits are given in
Table 1T and the resulting quadrupole splitting distri-
butions are illustrated in Fig. 4. While both methods
yield consistent values for the parameters, the quadru-
pole splitting distributions show distinct differences in
the shape of the distribution near zero splitting. The
LeCaer—-Dubois method, which places no constraints
on the shape of the distribution, shows a P(A) which is
non-zero for A — 0. The functional form of the shell
distribution requires that P(A) —» 0 as A — 0. Thus the
shape of this distribution, at least in the small splitting
region, is not consistent with that obtained by the
more objective LeCaer—Dubois method. This feature
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Figure 4 Quadrupole splitting distribution obtained at room
temperature for amorphous Al; Gd, Fe, using (a) the shell model,
and (b) the model of LeCaer and Dubois.

TABLE II Parameters obtained from different fitting methods for
room-temperature 3’Fe Mossbauer effect spectra of amorphous
Al-Gd-Fe. All velocities are in mms~! and are + 0.005 mms™'.
Isomer shifts are measured relative to room temperature o-Fe.
Fitting parameters are described in the text.

Parameter Shell LeCaer-Dubois
o 0.325 -

n 1.05 -

A 0.413 0.40%

% —0.09 —-0.09

o +0.031 +0.029

has been observed in the °7Fe quadrupole splitting
distributions of a number of other disordered alumi-
nium-based alloys [17]. It is interesting to note, as
well, that the value of n from the shell model is near
unity. Dunlap et al. [19] have suggested that this is
characteristic of the lack of structural order found in
amorphous materials.

3.5. Low-temperature Mdossbauer effect
studies

The liquid nitrogen temperature spectrum of amorph-
ous Al; Gd, Fe,, as illustrated in Fig. 5, shows clear
magnetic splitting. As is appropriate for the spectra of
disordered ferromagnets, we have fit this spectrum to
a distribution of hyperfine fields. In this case, we have
expanded the distribution, P(H), as a Fourier series
using the method of Window [20, 217]. This analysis
yields the P(H) shown in Fig. 5 and a mean hyperfine
splitting of 96 kOe with an FWHM of the distribution
of 92 kOe.

4. Discussion

We have shown that aluminium-based alioys contain-
ing as much as 33 at% rare-earth and 33 at%
transition metal can be prepared as single-phase
amorphous materials by melt spinning. The resulting
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Figure 5 (a) °” Fe Mssbauer effect spectrum of Al, Gd, Fe, obtained at 77 K, and (b) the hyperfine field distribution, P(H), obtained from the
spectrum using the method of Window [20], using eight Fourier coefficients and relative line intensities of 3.0:1.1:1.0:1.0:1.1:3.0.

alloys are brittle but show much greater thermal stab-
ility than previously studied amorphous Al-TM-Si
and high aluminium-content AI-RE-TM alloys. This
substantial increase in crystallization temperature
suggests the possibility of preparing amorphous
Al-RE-TM alloys with sufficient thermal stability to
allow for commercial utilization.

The paramagnetic properties of Al-Gd—Cu results
from the presence of a large ( ~ 8 pg) gadolinium
moment. In the case of Al-Gd-Fe, it is difficult, on the
basis of the present measurements, to establish the size
and location of the magnetic moments. Previous stud-
ies of amorphous Al,3Gds- [22] have shown a gado-
linium moment of 6.5 g and a Curie temperature of
~ 90 K. The present alloys show a smaller gadolin-
ium content and a higher T,; this suggests the exist-
ence of an iron moment with a net positive Gd-Fe
coupling. In contrast to the results for ferromagnetic
Al-Mn-based quasicrystals and amorphous alloys,
the present alloy shows no indication of re-entrant
spin glass behaviour and this feature presumably
indicates the existence of long-range colinear fer-
romagnetic order. The present Mossbauer effect re-
sults also show the first occurrence of a large iron
hyperfine field in this type of material. The presence of
such a field indicates: (1) the existence of a substantial
localized iron moment, (2) the existence of a strong
ferromagnetic coupling between these moments, and
(3) a spin arrangement characteristic of a well-ordered
ferromagnetic state. The conventional relationship
between the iron hyperfine field and the localized
magnetic moment, ~ 140 kOe/pg, suggests an iron
moment in this alloy of ~ 0.7y at 77K.

The width of the iron hyperfine field distribution is
indicative of the distribution of iron environments in
the alloy. The field distribution in Al-Gd-Fe is con-
sistent with that seen in typical iron-based metallic
glasses (e.g. [23]) and suggests that the general fea-
tures of the short-range order in these two classes of
alloys are similar. This is also consistent with the value
of n obtained from the fit to the spectrum above T to
the shell model.

These observations are consistent with the picture
of Al-Gd-Fe as a conventional amorphous ferromag-
net with long-range colinear spin ordering.
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The relationship of the alloys studied here to fer-
romagnetic quasicrystalline alloys of similar com-
position and stoichiometry (e.g. [8]) can provide
important information on the effects of atomic struc-
ture on ferromagnetic order. A substantially larger
interatomic spacing, as well as the existence of large
moments associated with rare-earth ions are, no
doubt, contributing factors, but their specific roles are
not clear. Certainly, the existence of a number of
AI-RE-TM amorphous and quasicrystalline alloy
systems [8, 9], some of which can be prepared over
a wide range of compositions, provides a convenient
means for the further study of these properties.
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