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Abstract
Most metallic glasses (MGs) exhibit weak evidence of slow β-relaxation in their dynamic
mechanical spectroscopy spectra. In contrast to other MGs, the La-based MGs we report here
show a distinct slow β-relaxation peak in the mechanical relaxation measurements. We find that
the slow β-relaxation behavior can be tuned by modification of the chemical composition and
fragility. The structural origin of the slow β-relaxation and correlation between β-relaxation
and α-relaxation in the MGs are also discussed. MGs with pronounced slow β-relaxation and
tunable properties might provide a model system to investigate some long-standing issues in the
glass field.

(Some figures in this article are in colour only in the electronic version)

The study of slow β or Johari–Goldstein relaxation in
supercooled liquids and glasses has attracted considerable
attention for its importance in understanding the nature of
glass [1–5]. Plenty of work on the second relaxation has
been done in non-metallic glasses like glassy polymers [6, 7].
Due to the complex intramolecular effects in polymer glasses,
it is difficult to correlate the static structural features with
the relaxation process in these kinds of glasses, and the
structural origin of slow β-relaxation is still a controversial
issue [8, 9]. In contrast, metallic glasses (MGs) are
regarded as simple glasses because their structure is close
to the dense random packing of spheres [10]. Previous
work on the slow β-relaxation mode in supercooled liquids
suggested that the degree of coupling between α- and slow β-
relaxations correlates with the fragility of the glass-forming
liquids [11, 12], and the distinct slow β peak often exists
in very fragile glass formers and no pronounced slow β-
relaxation should be observed in ‘strong’ metallic supercooled
liquids. The results seem to coincide with this prediction [8].
Even though the slow β-relaxation has been identified in MGs
both in experiments and simulations [13–17], only a slow β-
relaxation shoulder or excess wing has been observed on the

1 Author to whom any correspondence should be addressed.

high-frequency flank of the α-relaxation so far. The MGs with
pronounced slow β-relaxation in their spectrum of dynamic
mechanical spectroscopy are highly desired, because they are
ideal systems for studying the β-relaxation peak change with
applied conditions which can provide insight into some related
fundamental issues in the glasses.

On the other hand, the slow β-relaxation is also inferred
to closely correlate with the plastic deformation in MGs [18].
It is found that the activation of shear transformation zones
(STZs, which is the basic unit of plastic deformation in glassy
material) and β-relaxations in MGs are nearly equivalent.
Therefore, an MG with a distinct β-relaxation peak would
be very useful for studying the underlying physics of the
relaxation and plastic mechanism of MGs.

In this letter, we report the formation of a series of La-
based MG systems showing a pronounced slow β-relaxation
peak in its spectrum from a dynamic mechanical analyzer
(DMA). The effects of the composition and fragility on the
evolution of the slow β-relaxation are investigated. We
accurately determine the activation energy of the slow β-
relaxation in the MGs which further confirms the relationship
between slow β-relaxation and plastic deformation. We also
discuss the structural origin of the slow β-relaxation and the
correlation between β- and α-relaxations in the MGs.
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Figure 1. (a) The XRD pattern and (b) the DSC curve of
La70Ni15Al15 alloys.

La-based bulk MGs were prepared by the water-cooled
copper mold cast method, and amorphous ribbons were
obtained by the melt spinning technique. The glassy nature
was identified by x-ray diffraction (XRD) using a MAC M03
diffractometer with a Cu Kα radiation source, and differential
scanning calorimetry (DSC) was performed under a purified
argon atmosphere in a Perkin-Elmer DSC-7. Dynamic
mechanical measurements were performed using a TA DMA
Q800 by the single-cantilever bending method for rod samples
and the film tensile method for ribbons in a nitrogen-flushed
atmosphere. The storage modulus E ′ and loss modulus E ′′
were measured by the temperature ramp mode at a heating rate
of 3 K min−1.

Figure 1(a) shows the XRD pattern of a typical
La70Ni15Al15 MG with diameter of 2 mm. The broad
diffraction peak without distinct sharp crystalline peaks in the
XRD pattern indicates the amorphous nature of the alloy. The
DSC trace of the same sample focusing on the glass transition
and crystallization behavior is shown in figure 1(b). The
glass transition temperature Tg of the MG is 441 K, while
the crystallization temperature Tx is 457 K. The distinct glass
transition and sharp crystallization behaviors further confirm
the glassy structure of the alloy.

Figure 2(a) shows the temperature dependence of the
storage modulus E ′ and loss modulus E ′′ of a La70Ni15Al15

MG measured at 1 Hz. Remarkably, the E ′′ curve shows

Figure 2. (a) The T dependence of the storage modulus E ′ (left) and
the loss modulus E ′′ (right) of La70Ni15Al15 measured at 1 Hz.
(b) The T dependence of the loss modulus E ′′/Ep measured at 1 Hz
on different MGs (Zr46.75Ti8.25Cu7.5Ni10Be27.5 (Vit4),
La57.5(Cu50Ni50)25Al17.5 (LCNA), La68Al10Cu20Co2 (LACC),
Pd40Ni10Cu30P20 (PNCP), Pd40Ni40P20 (PNP), and La70Ni15Al15).
T was normalized to Tp for comparison.

two distinct peaks: an α-relaxation peak of E ′′ at 443 ±
5 K and an obviously slow β-relaxation peak at 330 ±
5 K. Both the α-relaxation and the slow β-relaxation peaks
have a corresponding drop in E ′ curve. Previously, the
MGs always showed excess wing or shoulder instead of
a well-defined peak in the E ′′ curves. Figure 2(b) con-
trasts the slow β-relaxation peak (all measured at 1 Hz)
for six different typical bulk MGs with markedly differ-
ent properties including Zr46.75Ti8.25Cu7.5Ni10Be27.5 (Vit4),
La57.5(Cu50Ni50)25Al17.5 (LCNA), La68Al10Cu20Co2 (LACC),
Pd40Ni10Cu30P20 (PNCP), Pd40Ni40P20 (PNP), and La70Ni15

Al15 MGs [16]. In figure 2(b), the E ′′ is scaled with the
loss modulus at the α-relaxation peak E ′′

p of these systems
and temperature (T ) is also scaled by the α-relaxation peak
temperature Tp. The comparison clearly shows that the
La70Ni15Al15 has a pronounced slow β-relaxation peak among
these typical MGs. Based on this unique relaxation behavior,
we can identify the key factors of the slow β-relaxation in
MGs.

Through adjusting the composition ratio or replacing the
element, we try to find the link between the microstructural
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Figure 3. (a) The T dependence of the loss modulus E ′′ of
La70Ni15Al15, La60Ni15Al25, and La50Ni15Al35 measured at 1 Hz. The
inset shows the plots of ln( f ) versus 1000/Tβp, where Tβp is the
peak temperature of the slow β-relaxation peak. The activation
energy Eβ can be determined from the plot. (b) The T dependence of
the peak frequency of La60Ni15Al25; the red and blue dots represent
α- and slow β-relaxations, respectively. The inset plots are the T
dependence of the loss modulus slow β-relaxation peak measured at
1–16 Hz.

characteristics and the relaxation scenario in relatively simple
MG systems that have no complex intramolecular effects
in glassy polymers. The La–Ni–Al system has a wide
composition range, and we can adjust the composition ratio
of La and Al. The reduced loss moduli E ′′ of three typical
compositions in the temperature domain measured at 1 Hz are
shown in figure 3(a). The values of Tp (Tβp, the β-relaxation
peak temperature) are 443±5 K (330±3 K) for La70Ni15Al15,
480 ± 5 K (361 ± 3 K) for La60Ni15Al25, and 540 ± 5 K
(410 ± 3 K) for La50Ni15Al35, respectively. Both Tp and Tβp

shift to higher temperature with increasing Al content in the
alloys. The α-relaxation peak is related to the dynamics of the
metallic supercooled liquid and the temperature corresponding
to the α-peak is always a little higher than Tg [15]. Thus,
with the Al–La ratio increase, the values of Tp shift to higher
temperature as Tg increases. The β-relaxation is Arrhenius
type, and its activation energy Eβ can be determined from the
frequency dependent peak temperature (Arrhenius plot). As

shown in the inset of figure 3(a), the Eβ of the three typical La-
based bulk MGs are 93, 100, and 110 kJ mol−1, respectively.
The obtained values of Eβ fit well the empirical relationship of
Eβ ≈ 26RTg obtained through other methods [17, 18], which
confirms the proposal of the ‘β-relaxation to α-relaxation’ self-
similar organization [19]. The result indicates that more Al
addition makes the activation of the β-relaxation more difficult.
According to the current view on the structural origin of the
β-relaxation, the slow β-relaxation may originate from the
density differences resulting from loose-packing regions in the
glassy matrix. Replacing the La atoms with the smaller Al
atoms, the MG becomes more densely packed, some excess
volume vanishes in the original loose-packing regions, and the
slow β-relaxation becomes more difficult to activate. From
figure 3(a), one can see that the slow β-relaxation peak is
gradually merging into the α-relaxation with increasing Al
content.

The fragility of La50Ni15Al35, La60Ni15Al25, and La70Ni15

Al15 MGs determined by DSC and DMA according to the
method in [16, 20] are 48 ± 5, 43 ± 5, and 31 ± 5,
respectively. The pronounced slow β-relaxation peak in the
intermediate strong La-based MG system may indicate that
the microstructural origin of the MG system differs from that
of other glasses such as polymer. The relationship between
the fragility and slow β-relaxation behavior in the La–Ni–Al
alloy is incompatible with the previous empirical rule, which
suggests that the glass with larger fragility has more obvious
slow β-relaxation behavior. On the other hand, with the
increase of fragility, the degree of coupling between the two
relaxation modes becomes weakened, which is embodied in
the increase of �T (=Tp −Tβp) as the atom ratio of La changes
from 70 to 50. The effect of decoupling between α- and slow
β-relaxation is reduced by the broadening of the distribution
of the α-relaxation. To intuitively show the coupling between
the two relaxations, figure 3(b) plots the value of frequency
versus the loss peak temperature for La60Ni15Al25MG. The α-
relaxation is described well by the Vogel–Fulcher–Tammann
(VFT) equation: f = f0 exp[−B/(Tp − T0)]. The values of
f0, B , and T0 are 1.1 × 1013 Hz, 4874.5 K, and 316(±10) K,
respectively. The relationship between frequency and Tβp for
the slow β-relaxation has the form of the Arrhenius process:
f = 2.2 × 1014 exp(−99 435/RTβp). Below the crossover
temperature 610(±30) K, the slow β-relaxation starts to
decouple from the α-relaxation.

It is interesting to note that the chemical species play an
important role in the relaxation behavior. When the nickel in
La70Ni15Al15 alloy is replaced by elements with similar atom
volume such as cobalt and copper, the mechanical relaxation
behavior (measured at 2 Hz) can be markedly changed as
shown in figure 4. Due to the limits of the glass-forming
ability of these alloys, MG ribbons were used in the tensile
mode of the DMA. The La70Co15Al15 and La70Ni15Al15 show
similar slow β-relaxation behavior with a slight change of
peak temperature and intensity. However, the substitution
of copper for nickel leads to the disappearance of the slow
β-relaxation peak, and the La–Cu–Al MG only shows a
shoulder in the DMA spectrum. The origin of the slow β-
relaxation could be attributed to the intrinsic heterogeneity of
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Figure 4. The T dependence of the loss modulus E ′′ of
La70Ni15Al15, La70Co15Al15, and La70Cu15Al15 measured at 2 Hz.

metallic supercooled liquids and glasses. The MGs are usually
structurally inhomogeneous and contain dense-packing regions
with solid-like behavior such as strong bonding, fewer free
volumes, high viscosity and higher elastic moduli, and loose-
packing regions with liquid-like behaviors including weakly
bonded atoms, low viscosity, rich free volume, and lower
elastic moduli. Structural heterogeneity has been detected or
confirmed in many bulk MG systems by various experimental
methods and simulation [20–24]. The translational diffusion
of the atoms in the loose-packing regions represents the slow
β-relaxation [25]. This significant change of the slow β-
relaxation scenario induced by replacement of Ni with Cu
may indicate the component change in the alloy leading to
reorganization of the microstructure. Ni and Co tend to
combine with Al to form loose-packing regions, but Cu does
not. This is due to the enthalpy of mixing of Cu and Al
being −1 kJ mol−1, which is much larger than the values of
Ni and Al or Co and Al (−22 and −19 kJ mol−1, respectively).
The change of composition ratio or elements will change the
proportion and structure of loose-packing regions, which affect
the relaxation mode.

As a simple ternary MG system with a pronounced β-
relaxation peak, La–Ni–Al alloy can be used as a model
system for studying some of the long-standing puzzles in the
field of glass transition and plastic deformation mechanisms in
MGs. For example, these La-based alloys are model systems
for confirming whether the slow β-relaxation and STZs are
directly related and for studying how the β-relaxation affects
the mechanical properties in MGs. Since 27Al is a quadrupolar
nucleus, the local structural change can be investigated in the
La–Ni–Al MG systems by means of 27Al nuclear magnetic
resonance [26], and the structural origin of the slow β-
relaxation could be deeply understood. Further work on this
topic is in progress.

In conclusion, a pronounced β-relaxation peak is observed
by DMA measurement in the La-based bulk MGs. The second
relaxation is found to be sensitive to the composition and

components. The MGs provide a model system for studying
controversial issues in glasses such as the structural origin
of the slow β-relaxation, the decoupling between β- and α-
relaxations in metallic supercooled liquids, and the correlation
between β-relaxation and mechanical properties.
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