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a b s t r a c t

Recently, we studied the properties of amorphous Zr–TL alloys (TL = Ni, Cu) in order to obtain parameters
associated with the electronic structure and interatomic bonding of amorphous Zr. Here, we provide new
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data for the magnetic, superconducting and mechanical properties of amorphous Hf–TL and Ti–TL alloys.
We combine our results with published data in order to obtain parameters appropriate to hypothetical
amorphous Hf and Ti. These parameters are very different from those of the stable crystalline phases (hcp)
of Hf and Ti and indicate, as for Zr, an fcc-like short range order for amorphous Hf and Ti. This results in
an enhanced electronic density of states at the Fermi level, but in weakened interatomic bonding.
uperconductors
echanical properties

. Introduction

Amorphous TE–TL alloys (TE = Ti, Zr, Hf and TL = Ni, Cu) have
een extensively studied in recent decades and interest in these
lloys further increased following the discovery of TE–TL based
ulk metallic glasses (BMGs) [1]. TE–TL alloys show wide glass-
orming ranges which enables detailed study of the change in the
lectronic structure and properties on alloying and, thus a thorough
omparison between the model and experimental data [2].

In amorphous TE–TL alloys the properties that are directly
elated to the electronic density of states (DOS) often show linear
ariations with TL content [2–5]. This finding correlates with ultra-
iolet photoemission spectroscopy (UPS) results [6] which show
hat, in these alloys, the DOS at the Fermi level (EF), N(EF), is dom-
nated by TE d-states and is reduced on increasing the TL content.
herefore, the effect of alloying with TL can be approximated by
he dilution of amorphous TE [3,5]. Thus, one can extrapolate the
ata for glassy TE–TL alloys to zero TL content in order to deduce
he properties of amorphous (a) TE. This method has been used to

btain the N(EF) and probable local atomic structure of a-Ti and a-Zr
2]. More recently, the same approach has been used to obtain the
tomic volumes of a-TE [4] and the magnetic, superconducting and
echanical properties of a-Zr [5,7]. The derived parameters for a-Ti,
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Zr agree quite well with those calculated for cubic phases of these
metals [8] and are quite different from those of the stable crystalline
phases (hcp) of TEs. This result is plausible since the amorphous
atomic arrangement is incompatible with the anisotropy of the hcp
lattice.

The majority of the results for TE–TL metallic glasses have been
obtained for Zr–TL alloys, so that a comparison between the alloy
systems based on different TE is seldom possible [2,4,9]. Here, we
report new results for the magnetic, superconducting and mechani-
cal properties of several Ti–Cu and Hf–Cu glassy alloys and combine
these results with the literature data for Ti–TL and Hf–TL metal-
lic glasses in order to observe how a change in TE (Ti → Zr → Hf)
affects these properties for glassy TE–TL alloys. We also estimate
some parameters of hypothetical pure a-TE and compare them with
those for crystalline phases of TE.

2. Experimental

The Hf100−xCux (30 ≤ x ≤ 70) and Ti100−xCux (35 ≤ x ≤ 55) glassy alloys were pre-
pared in the form of thin ribbons by melt spinning of arc-melted alloys in a controlled
He atmosphere. Casting with controlled parameters resulted in ribbons with closely
similar cross-sections (∼2 mm × 0.03 mm) and, thus, with the glassy phase having
broadly the same degree of quenched-in disorder. As-cast samples were used for
actual measurements and their fully amorphous structures were verified by X-ray

diffraction [9]. The superconducting transition temperatures Tc were determined
either resistively, or via ac susceptibility measurements [3,9]. The magnetic suscep-
tibility was measured with a SQUID magnetometer MPMS [10] in a magnetic field
B ≤ 5.5 T over the temperature range of 5–300 K. The Young’s modulus, E, was cal-
culated from the relationship E = �v2

E, where � is the density of the alloy and vE the
velocity of ultrasonic waves along the ribbon. vE was measured with a pulse-echo
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Table 1
The parameters of amorphous Ti, Zr and Hf compared with those for different crystalline phases of the same metals. The values for N(EF), �exp and �p of �(hcp) and fcc phase
(calculated) are taken from [8].

Structure N(EF) (states/eV atom) �exp (×103 JT−2 mol−1) �p (×103 JT−2 mol−1) Tc (K) E (GPa)

Ti Amorphous 2.0 2.11 1.2 2.0 80
�(hcp) 1.03 1.40 0.44 0.4 116
fcc 1.76 2 1.22

Zr Amorphous 1.55 1.58 0.84 5.5 40
�(hcp) 0.84 1.08 0.42 0.8 68
fcc 1.34 1.50 0.69
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independent ionic core diamagnetism and the orbital
paramagnetism. The Pauli paramagnetism of the d-band, �p,
Hf Amorphous 1.2
�(hcp) 0.68 0.71
fcc 1.45 1.1

echnique at room temperature [7]. The density, �, of the samples was measured by
he Archimedes method [3]. The estimated error was around ±2%.

The experimental procedures used to obtain published data can be found in the
riginal papers. The (extrapolated) values for some properties of pure amorphous
i, Zr and Hf are compared with those of the respective crystalline phases of these
etals in Table 1.

. Results and discussion

As pointed out in Section 1, the band structure of amorphous
E–TL alloys results in DOS with d-states for TE at EF and those for
L well below EF [2,6]. Such a DOS results in an approximately lin-
ar decrease of N(EF) with increasing TL content x, for x ≤ 65 [2]. In
r–TL and Ti–TL alloys [2] the values of N(EF) were obtained from
he measurements of low temperature specific heat (LTSH) and
uperconducting transition temperature, Tc. LTSH yields the Debye
emperature, �D, and dressed DOS at EF, N�(EF) = (1 + �ep)N(EF)
with �ep the electron–phonon enhancement), while Tc enables [2]
he calculation of �ep. N�(EF) can also be calculated from the nor-

al state resistivity r, density �, and the temperature dependence
f the upper critical field, Hc2(T) [9]:

�(EF) = −�M

4kBNA�r

(
dHc2

dt

)
t=1

, (1)

here kB is the Boltzmann constant, NA the Avogadro’s number, M
he molecular weight and t = T/Tc. We applied this method to Hf–Cu
lloys for which there are no LTSH results. As shown in Fig. 1, N�(EF)

or all TE–TL glassy alloys decreases linearly with TL content (x).
ince �ep also decreases approximately linearly [2] with x, the cor-
esponding variation of N(EF) in TE–TL alloys should be qualitatively
he same as that of N�(EF). The N�(EF) values in Fig. 1 decrease in
he sequence Ti → Zr → Hf, which is mainly due to increasing band-

ig. 1. Dressed densities of states N�(EF) of Zr–Cu [11], Zr–Ni [12], Ti–Cu [13], Ti–Ni
14] and Hf–Cu alloys vs. Cu,Ni content x. Full symbols denote present data.
0.7 3.5 60
0.29 0.1 78
0.79

width in the same sequence [8]. At low TL contents, N�(EF) values
for all the TE–TL glassy alloys are substantially larger than those
of corresponding pure crystalline (hcp) TEs (Fig. 1). The enhanced
N�(EF) and N(EF) in a-TEs is probably due to absence of a local min-
imum in the DOS at EF which occurs in hcp phases of crystalline TE
and is absent in cubic phases of the same metals [8]. Indeed, the
values of N(EF) for a-Ti [2] and a-Zr [5] are close to those calculated
for fcc phases of these metals [8] (Table 1). The absence of any hcp
atomic arrangements in a-TEs and their alloys has a profound influ-
ence on their DOS and interatomic bonding and, hence, affects all
properties of glassy TE–TL alloys.

Quite large N(EF) and its simple variation with x strongly affect
the magnetic and superconducting properties of glassy TE–TL alloys
[5,9]. As shown in Fig. 2, in paramagnetic alloys with TL = Ni,
Cu magnetic susceptibility, �exp, decreases approximately lin-
early with x and for the same x �exp decreases in the sequence
Ti → Zr → Hf. Also, the extrapolations of �exp plots in Fig. 2 to x = 0
(0 = TE) yield values which are considerably larger than those for
hcp TE, but agree quite well with those calculated [8] for fcc phases
of these metals (Table 1). In spite the apparent similarity between
N(EF) vs. x [2] and �exp vs. x (Fig. 2) plots, the description of �exp for
transition metals is somewhat more involved:

�exp = �p + �ion + �orb, (2)

where �ion and �orb are, respectively, the temperature-
is enhanced over the free-electron value, �0
p, due to exchange

interaction. �p = S�0
p, where S is the Stoner enhancement factor

[5,15] and, in TE, �p is only weakly dependent on temperature [8].

Fig. 2. Magnetic susceptibility �exp of Zr–Cu [3], Zr–Ni [3,15], Ti–Cu [13], Ti–Ni [14],
and Hf–Cu alloys vs. Cu, Ni content x. Susceptibilities of pure fcc Ti, Zr and Hf [8] are
shown for comparison. (Inset) Superconducting transition temperatures Tc of Zr–Cu
[3], Zr–Ni [3] and Hf–Cu alloys vs. Ni,Cu content x. Full symbols denote present data.
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Fig. 3. Young’s modulus E for Zr–Cu [16,17], Zr–Ni [16,18], Ti–Cu [19], Ti–Ni [17],
Hf34Cu66 [20], Zr36Cu64 [21], Hf–Cu and Ti65Cu35 alloys vs. Cu,Ni content x (crossed
symbols are bulk alloys). E of pure (�) Ti, Zr and Hf are also shown. (Inset) Debye
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[
[12] M. Matsuura, U. Mizutani, J. Phys. F: Met. Phys. 16 (1986) L183.
emperatures �D of Zr–Cu [11,22], Zr–Ni [12], Ti–Cu [13] and Ti–Ni [14] alloys vs.
u,Ni content x. �D for pure (�) Ti and Zr are also shown. Full symbols denote present
ata.

he expression (1) can also be applied to glassy TE–TL alloys, with
ion and �orb of the constituents scaled to their atomic fractions in

he alloy [5], which enables one to extract �p from �exp. For TE = Ti,
r, Hf, the bandwidth increases in the sequence Ti → Zr → Hf which
eads to a decrease of both �p (via the decrease of the bare DOS at
F, N(EF), in �0

p) and �orb [8], in the same order. The lack of reliable
(EF) data for Hf-based alloys [2,9] prevents a detailed analysis of

heir �exp in terms of Eq. (1). The values of �p for all a-TEs agree
ell with those calculated for fcc phases of corresponding TEs [8]

nd are substantially larger than those of their �-phases (hcp)
Table 1). In particular, �p for a-Zr is double that for �-Zr.

The enhanced N(EF) for a-TEs is also the main reason that the
c’s for Zr and Hf-based glassy alloys are well above those for pure
rystalline Zr and Hf (inset to Fig. 2). The approximately linear vari-
tions of Tc with x in these alloys extrapolate to Tc’s of amorphous
r and Hf which are about an order of magnitude higher than those
f crystalline Zr and Hf (Table 1). The larger ionic mass of Hf than
hat of Zr contributes to lower Tc’s of Hf-based alloys. Surprisingly,
lassy Ti-based alloys having the highest N(EF) show the lowest Tc’s,
hich implies very inefficient electron–phonon coupling in these

lloys [9].
In Fig. 3 we show the variations of the Young’s modulus, E, in

E–TL glassy alloys with TL content x. Comparing Fig. 3 with Fig. 1,
e note that, in all these alloy systems, a linear decrease of N�(EF)

also N(EF)) is accompanied by an approximately linear increase
f E with x. Thus, a simple relationship between DOS at EF and
he elastic stiffness (E), first observed in Zr–TL metallic glasses [7],
eems to hold also for other TE–TL glassy alloys. In binary amor-
hous metal–metal alloys such as the TE–TL glassy alloys the dense
andom packing of constituent atoms [2,4] suggests a direct link
etween their Young’s modulus and the strength of the interatomic
onding [7,24]. Thus, an approximately linear increase of E with x

mplies an increase in the strength of bonding, which correlates
ith the simultaneous decrease of the DOS at EF (N�(EF), N(EF))
ith x (Fig. 1). Accordingly, the enhanced DOS at EF in a-TE is asso-

iated with a Young’s modulus which is substantially smaller than
hat of the corresponding crystalline (hcp) TE (Fig. 3 and Table 1).

e note that the values of E for binary BMG alloys in the Zr–Cu

nd Hf–Cu systems fall well within the ranges of the data for other
ompositions from the same alloy systems (Fig. 3).

Since the amorphous alloys are approximately isostructural
23], their vibrational spectra should be quite similar [24], thus

[
[
[
[
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their Debye temperatures, �D, should also be directly related to
the strength of interatomic bonding. Indeed, as illustrated in the
inset to Fig. 3, the variations of �D for Zr–TL and Ti–TL glassy alloys
with TL content are qualitatively similar to those of E with x (Fig. 3)
for alloys in these systems. The extrapolated values of �D for a-Zr
and a-Ti are much lower than those of crystalline Zr and Ti (Fig. 3),
which is consistent with weak interatomic bonding in a-TEs.

Since the amorphous alloys are macroscopically homogenous
and isotropic systems, their elastic moduli are correlated. Thus,
the shear modulus, G, and the bulk modulus, B, can be calculated
from the known E and the Poisson’s ratio � [5,7]. Furthermore,
the absence of extended crystal defects [23] in metallic glasses
leads to very large hardness, Hv, and also to a direct relation-
ship between Hv and the strength of the interatomic bonding [7].
Thus, the Hv for TE–TL glasses should be proportional to the elas-
tic moduli [7,17] and, therefore, should increase with TL content
within the explored concentration range. This was verified for Zr–TL
alloys [7]; measurements of Hv for Hf–Cu and Ti–TL alloys are in
progress.

4. Conclusion

New results for the properties of Ti–TL and Hf–TL alloys are
presented and have been combined with literature data in order
to obtain an insight into the electronic structure/property rela-
tionships for all the TE–TL metallic glasses and to predict, by
extrapolation, the properties of pure amorphous TE (Table 1). Den-
sity of states, N(EF) for TE-rich glassy alloys is considerably larger
than for the pure corresponding crystalline TE, which shows that
the local atomic structure in glassy alloys is different from that
in hcp TE [2,5]. Indeed, N(EF) and related magnetic and supercon-
ducting parameters of a-TEs agree quite well with those calculated
for cubic phases of these metals [8] and are very different from
those of hcp TEs. Simultaneously, such atomic structure results in
reduced strength of interatomic bonding which shows up in low
elastic moduli and Debye temperatures of a-TEs and TE-rich TE–TL
glassy alloys (Fig. 3).

The relatively simple electronic structure of TE–TL metallic
glasses [2] results in simple variations of several of their proper-
ties with composition. This enables one to predict the properties
of, as-yet, unprepared amorphous alloys. Since many bulk metallic
glasses (BMGs) are based on TE and TL components the system-
atic studies of binary TE–TL metallic glasses may be useful for the
development of such BMGs.
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E. Babić, R. Ristić, M. Miljak, M.G. Scott, in: T. Masumoto, K. Suzuku (Eds.), Proc.
of the 4th Int. Conf. on Rapidly Quenched Metals, Sendai, 1982, p. 1079.

[4] I. Bakonyi, Acta Mater. 53 (2005) 2509.
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19 (2007), 296207-1-16.
11] P. Garoche, J. Bigot, Phys. Rev. B28 (1983) 6886.
13] U. Mizutani, N. Akutsu, T. Mizoguchi, J. Phys. F13 (1983) 2127.
14] S. Kanemaki, M. Suzuki, Y. Yamada, U. Mizutani, J. Phys. F18 (1988) 105.
15] Z. Altounian, J.O. Strom-Olsen, Phys. Rev. B 27 (1983) 4149.
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