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Electrical and Hall resistivity studies have been carried out on a new class of melt-spun Al-T-
R, Al-rich (above 75 at. %) ternary amorphous alloys in order to study the possible correlation be-
tween their electronic and enhanced mechanical properties. We find for all these alloys (over 26
of them) the room-temperature Hall coefficient has a negative sign and increases significantly in

magnitude with the (T-R) content, which indicates a decrease in the effective carrier concentra-
tion. This is consistent with the suggestion that the observed remarkable mechanical properties in

these alloys are due to the enhanced strength of the additional local Al —T and Al —R bonds. In
these alloys the electrical resistivity at room temperature increases from about 65 p 0 cm for the
binary A19p(R)10 amorphous alloys to over 250 p 0 cm on further substitution of Al with less than
15 at. % of T elements. From a systematic study the importance of the s-d scattering mechanism
and a crossover in the electronic properties from s- to d-band amorphous metal with T substitu-
tion are discussed.

INTRODUC1 ION

Recently, by melt spinning a new class of ductile Al-
rich binary and ternary amorphous alloys, Alamo{) — —y-
(T)„(R)~ have been reported' in a rather wide composi-
tion range with 0 ~ x ~ 15 and 2 ~ y ~ 15, where T =Fe,
Co, Ni, or Cu and R Y or La. Some of the remarkable
physical parameters of these new alloys are: enhanced
tensile fracture strengths oy&1000 Mpa, and Vickers
hardness ranging from 260 to 350 DPN (diamond pyram-
id hardness number). These properties are significantly
higher than those known for crystalline Al-based alloys.
The possibilities to form amorphous "single-phase" Al-
based material with good ductility was demonstrated for
the first time only last year when Al-Ni-Si amorphous al-
loys containing above 80 at. % Al were produced by melt
spinning. ' It has also been found that these alloys can be
warm extruded to form bulk amorphous materials, and
rods as large in diameter as 2-3 cm have been obtained
without losing the properties of the glassy state. The
discovery of this new class of high-strength low-density
materials is thus expected to be of significant technologi-
cal importance. The enhanced mechanical properties as
well as the high thermal stability of these alloys have been
thought to be mainly due to the strong attractive interac-
tion between the constituent elements, especially through
the formation of Al —T and Al —R covalent bonds. In this
Rapid Communication we report measurements of the
electrical resistivity and the Hall eA'ect at room tempera-
ture in order to find possible correlations between the
mechanical and electronic properties of these industrially
important materials. Our data suggest that change in the
s-d electronic structure, brought about on substitution
with the transition elements, possibly plays a role in

enhancing the bonding structure suggested by Inoue et
aI. '

EXPERIMENT

Al-T-Y and Al-T-La, T=Fe, Co, Ni, or Cu ternary al-
loys in the nominal composition range below 15 at. % R
and 15 at. % T were produced by melt spinning on a single
roller. These ribbons of thickness in the range 8-20 pm
were ductile and had a highly reffective surface. The
amorphicity of the structure of the melt-spun ribbons
was confirmed by x-ray-difraction measurements. The
room-temperature electrical and Hall resistivities were
measured simultaneously for each sample using the "dou-
ble ac technique. " Electrical contacts were made using
conducting silver epoxy glue to avoid any local heating or
crystallization close to the contact areas. The thickness of
the ribbons, necessary to calculate absolute values of the
transport coefficients, was estimated from a density-
length-weight method. The absolute error in our mea-
surements is estimated to be of the order of 15%.

RESULTS

In order to systematically investigate in the amorphous
state the consequence of substitution of T and R elements
in Al on the electronic properties we present data on
melt-spun amorphous Al-T-R, in which (a) for a fixed R
element (10 at. % La, Y in the present study), the T ele-
ment (Fe, Co, and Ni —in that order as presented here)
concentration is changed, and (b) for a chosen concentra-
tion (10 at. %) of the T element, the R element content is
varied. To simphfy the above-mentioned points only
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TABLE I. Experimental data for electrical resistivity and the
Hall eA'ect in the alloys studied.
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room-temperature data are presented. This approach en-
ables us to identify at least qualitatively the s-d interac-
tion effects in the electronic properties. To clarify the im-
portance of this scattering mechanism we consider the
Hall effect and electrical resistivity of Also —„(T)„YIo.
These results are qualitatively similar for the Alop
(T)„Laio system as well, and hence, for simplicity in this
Rapid Communication we only discuss data for the Y sys-
tem. We shall then discuss the electronic properties of
this new class of amorphous Al-rich, Al-T-R alloys. The
experimental data for electrical resistivity and Hall effect
in the alloys studied herein are summarized in Table I.
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FIG. 1. Fe concentration dependence of the electrical resis-
tivity for melt-spun amorphous A19p — Fe (R) /p.

Also-„Ni (R)io

In Figs. 3(a) and 3(b) we present the concentration
dependence of room-temperature electrical resistivity and
Hall coefficient for amorphous Al-Ni-R alloys with 10
at. % R (La and Y, respectively). The observed dependen-
cies on Ni concentration are quite similar to those on Co
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The effect of substituting Co for Al while keeping the
same concentration of R (10 at. %) is shown in Figs. 2(a)
and 2(b). The electrical resistivity increases with the con-
centration of T as we have already seen in Fig. 1, but in
this case it is independent of the nature of the R element
In contrast to the similarity in the resistivity behavior, the
Hall coeScient, which is found to be negative for all the
alloys studied here, is found to depend on the alloyed
rare-earth element. However, the general feature that
emerges is that as the (Co+ R) content increases the
magnitude of the Hall coefficient also increases.
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Figure 1 shows the electrical resistivity as a function of
the Fe content. It is observed that the electrical resistivity
increases rapidly in the Al-Fe-Y system with Fe content;
from 63 pQ cm for the alloy with a 2 at. % of Fe to 214
p Q crn for the alloy with 10 at. % of Fe. The increase in
the Al-Fe-La system is not as pronounced as in the Y sys-
tem. Therefore a marked difference which depends on the
two R species, Y and La, is observed. The Al-Fe-La rib-
bons studied in this batch were rather narrow ((0.5
mm). In addition, the Hall resistivity in the normal state
is quite small for these alloys. Hence, at present we do not
report the Hall data for the ribbons containing Fe.
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FIG. 2. (a) Co concentration dependence of the electrical
resistivity for melt-spun amorphous A19p —„Co (R)~p. (h) Hall
coefficient vs Co content for the samples in (a).
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FIG. 3. (a) Ni concentration dependence of the electrical
resistivity for melt-spun amorphous Algp —„Ni (R)~p. (b) Hall
coefficient vs Ni content for the samples in (a).

FIG. 5. (a) Electrical resistivity for melt-spun amorphous
A19p —„(T)„Y~p with T=Fe, Co, Ni, and Cu. (b) Hall coeffi-
cient for the same alloy systems.

substitution except that in the present alloys both Hall
coefficient and electrical resistivity do not seem to depend
on Yor La.

Also- Co&o(R), R Y,La

Figures 4(a) and 4(b) show the electrical resistivity and
the Hall coefficient as a function of the R content. In this
case it is observed that the electrical resistivity increases
rapidly from about 90 to 220 p fl cm with 13 at. % substi-
tution of R, almost parabolically with the concentration of
R but it is independent of the substituted R elements La
and Y. The magnitude of the Hall coefficient is also
found to increase rapidly (in the present case it almost
doubles in magnitude for a substitution of about 13 at. %
R) with the content of R independent of whether La or Y
is substituted.

Also-x(T) Y&o

Finally, we present in Figs. 5(a) and 5(b) the room-
temperature electrical resistivity and Hall-eff'ect data for
A19Q —«(T)„Yrp with T Fe, Co, Ni, and Cu. Qualita-
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FIG. 4. (a) Concentration dependence of the electrical resis-
tivity for melt-spun amorphous AI9p-„Co~o(R)„with R Y and
La. (b) Hall coefficient vs rare-earth content for the samples in
(a).

tively, the data for the Al-T-La alloys are quite similar to
those of the Al-T-Y alloys, hence for brevity we do not
show this data although it is given in Table I. It is easily
seen from Figs. 5(a) and 5(b) that the resistivity increases
with T concentration, in a manner already noted before.
This increase is more pronounced in the alloys containing
Fe and Co (in that order), while for Ni and Cu substitu-
tion the electrical resistivity is almost a constant. Howev-
er, the increase in the magnitude of the Hall coefficient
appears not to depend on the nature of the T element.

DISCUSSION

The electronic properties of simple metal amorphous al-
loys are expected to behave according to the free-electron
model since the spatial isotropy that should exist in homo-
geneous amorphous alloys would lead to a spherical Fermi
surface. However, substitution of Al by R and/or T
species raises the fundamental question as to how the
free-electron-like behavior expected for a-Al will be al-
tered by the presence of other atoms with a very different
electronic structure and atomic size. The two R species
examined in this work, Y and La, have a very similar
atomic radius and the same outer electronic structure,
namely (d's ), thus substitution of 10 at. % of Al by any
R element should essentially produce similar changes in
the electronic properties. Indeed this is what we observe
experimentally: For example, within the limits of experi-
mental error both AlooLaro and Alon Yro present an electri-
cal resistivity of 66 p Q cm and an ordinary Hall
coefficient of RH= —22.5X10 ' m /As. In a free-
electron model it will be expected that the Hall coefficient
of these two alloys shows an almost free-electron value,
given by

RH —I /(Nne), (I)
where N is the atomic denstiy and n is the number of elec-
trons per atom. Assuming three conduction electrons per
Al and Y (or La) atom, Eq. (1) gives a Hall coefficient,
Rtt —38X10 ' m /As. This is almost twice theexper-
imental value. On the other hand, it has been shown" that
La-based amorphous alloys have positive Hall coefficients
and for liquid La the value of RH +61.5X10 ' m /As
has been reported. %'e now discuss the e6'ects of transi-
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tion elements on partial substitution of aluminum.
The Hall-effect data [Fig. 5(b)] indicate that there is a

decrease in the carrier density when increasing the T con-
tent probably because of the formation of additional
Al Tbo—nds in addition to those existent of Al —R. Thus,
while the progressive formation of local Al —T covalent
bonds seems to result in a decrease in the effective free-
electron concentration irrespective of the nature of the
transition element, the electrical resistivity strongly sug-
gests that s-d scattering contribution decreases with Fe,
Co, and Ni —in that order —as expected from the d-state
occupation in these elements. The Cu atom has its 3d
band filled and thus no (s,p)-d scattering is expected to
contribute to the electrical resistivity which will be deter-
mined by (s,p) electrons. On the other hand, the Fe and
Co atoms with an incomplete 3d band offer a more com-
plex situation. In this case both the formation of covalent
bonds and a larger probability for the conduction elec-
trons of Al to be scattered into d states of the T atoms
contribute to an increase of the electrical resistivity. An
x-ray photoemission spectroscopy study of late transition
metals dissolved in Al (Ref. 6) indicates that there is an
hybridization of the 3d electrons of the T with the conduc-
tion electrons (s,p) of Al which lead to a density of states
in the Fermi level characterized by (s,p) electrons, the 3d
band of the T atoms lying well below the Fermi level. The
hybridization will enhance (s,p)-d scattering in agree-
ment with our measurements. This would explain, in part,
the additional contribution and diA'erent rates of increase
of the electrical resistivity as being due to s-d scattering
from Fe, Co, Ni, and Cu. However, it is necessary to
point out that the total change in the magnitude of the
electrical resistivity from about 65 p Q cm to as high as
250 p A cm or more in the amorphous state for a change in
concentration of the additional elements by about 15 at. %
is unusual. Such large changes in resistivity are not ob-
served with compositional changes of the order of 20 at. %
in d-band amorphous materials rich in transition metal
components.

Despite the negative values observed for the Hall
coefficient in all the studied alloys and the increase in
magnitude when Al is substituted by T and R indicating a
decrease in the density of carriers we have shown that a
free-electron model is not quantitatively applicable even
though the large concentration of Al might suggest it.
This fact suggests that s-d scattering which is assumed to
contribute to the electrical resistivity may also be impor-
tant in order to understand quantitatively the Hall
coefficient for these alloys.

The diA'erent behavior observed between alloys con-
taining Y or La remains at the moment unexplained, espe-
cially because preliminary magnetic measurements on
these alloys indicate that they are weakly paramagnetic
with a susceptibility of the order of 10 at T =4 K. This
fact rules out the possibility to explain the observed
differences between the Y and La series as being due to
different types of magnetic interactions.

In any case, we have in melt-spun Al-T-R alloys a
unique opportunity to test quantitatively the consequences
of transition from an s- to d-band type amorphous materi-
al. For a quantitative estimate of the above points, mea-
surements of the electrical resistivity as well as the Hall
coefficient in an extended temperature range for these al-
loys are in progress.

CONCLUSIONS

The observed decrease in the effective electron concen-
tration, as inferred from the negative Hall-coefficient
data, suggests that substitution of Al by T and/or R atoms
results in changes in local chemical short-range order such
that the formation of Al —T and Al —R bonds are promot-
ed. The presence of many intermetallic compounds in the
equilibrium phase diagram of Al-based binary systems
probably favors the formation of bonds. The above obser-
vations are consistent with the reported ' enhancement in
the mechanical properties for these new class of amor-
phous Al-based ternary alloys. The unusually large in-
crease in the electrical resistivity from about 65 to above
250 p A cm with hardly 15 at. % substitution of T for Al,
provides us with an opportunity to study more systemati-
cally the consequences of the transition from s- to d-band
amorphous metallic alloys on their electronic properties.
Studies of the temperature dependence of the transport
properties in an extended range are in progress.
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