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Supplementary Figure 1. X-ray diffraction pattern of the as-cast

Lase 16Ce14.04Ni19 8Al10 BMG alloy
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Supplementary Figure 2. The DSC curve of the as-cast Lasg 16Ce14.04Ni1g8Al10 BMG

alloy obtained at 20K/min
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Supplementary Figure 3. Frequency-dependent mechanical loss spectra obtained at
various temperatures (only a selection of temperature is shown for readability). The
solid lines are fits with a Cole-Cole (C-C) function for lower temperatures, e. g. 233K
(@), with the sum of two C-C functions for T=238K, a Cole-Davidson (C-D) and two
C-C functions for T=355K, respectively. The dashed, dotted curves at the bottom

show the C-C curves for fast f°- and slow f- relaxations, respectively, and the
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Supplementary Figure 4. The typical indentation load-displacement curve

revealing the anelasticity in the metallic glass (the inset: the schematic of the

indentation load function)



Supplementary Tables

Supplementary Table 1. The fitting parameters including H-N function exponents (a,

b), characteristic relaxation time (z) and relaxation strength (AE) for the loss modulus

spectra of the La-Ce-Ni-Al BMG

Fast f secondary Slow g secondary
o-relaxation
relaxation relaxation
T/ AE/M AE/M AE/M
/s a |b 7(S) a |b /s al b
K Pa Pa Pa
22 | 0.900 0.22 | 1| 1280 - - - - - - -
8 0
23 | 0.499 0.25 | 1| 1200 - - - - - - -
3 0
23 | 0.283 0.26 | 1| 1020 2.49x1 | 0.30 | 1| 2210 - -
8 5 0° 0
24 | 0.165 0.26 | 1| 1000 9.8x10 | 0.29 | 1| 2230 - - -
3 3 6 0
24 | 0.11 0.28 | 1900 5.65x1 | 0.30 | 1| 2420 - - -
8 0 0° 0
25 | 0.066 0.28 | 1860 1.85x1 | 0.32 | 1| 2430 - - -
3 7 0° 0
25 | 0.0468 | 030 |1]|770 8.33x1 | 0.30 | 1| 2500 - - -
8 0 o* 0




26 |0.033 |0.30 750 3.30x1 | 0.29 2550
3 0 o* 5
26 | 0.0209 | 0.30 760 1.57x1 | 0.30 2500
8 5 o* 0
27 |0.0127 |0.30 740 8.13x1 | 0.29 2550
3 0 0 0
27 |0.0165 | 0.30 730 4.45x1 | 0.29 2450
8 0 0 8
28 |0.0081 |0.30 720 2.48x1 | 0.29 2500
3 0 0 0
28 |0.0029 |0.31 670 1.09x1 | 0.29 2500
8 |3 0 0’° 0
29 |0.0020 |0.32 680 6.06x1 | 0.30 2540
3 |2 0 0 0
29 |0.0014 |0.29 610 4.15x1 | 0.29 2420
8 |1 5 0 5
30 |9.97x1 |0.29 670 198.02 | 0.36 2320
3 |o0* 3 0
30 | 7.21x1 | 0.29 630 108.11 | 0.36 2320
8 |0* 1 0
31 |5.15x1 | 0.29 600 57.08 | 0.39 2335
3 |0* 6 0




31 |3.76x1 |0.29 580 3569 |0.41 2385 | - - -

8 |0 5 0

32 | 2.77x1 | 0.29 560 2438 | 0.41 2485 | - - -

3 |0 8 0

32 | 2.06x1 | 0.29 543 14.08 | 0.41 2480 | - - -

8 |0 9 2

33 | 1.55x1 |0.31 520 8.13 0.43 2460 | - - -

3 |o* 0 0

33 | 1.17x1 |0.31 470 4.93 0.42 2460 | - - -

8 |o0* 0 0

34 |8.93x1 |0.31 460 3.10 0.42 2460 | - - -

3 |0° 0 0

34 |6.87x1 |0.31 430 2.07 0.42 2520 | - - -

8 |0° 0 0

35 |5.32x1 | 0.32 400 1.35 0.43 2420 | 8.86x1 0.46 | 22500
3 |0° 0 5 0° 5

35 | 4.15x1 | 0.32 380 0.69 0.46 2290 | 1.66x1 0.46 | 22500
8 |0° 5 3 0° 5

36 |3.26x1 |0.33 370 0.48 0.46 2300 | 6.80x1 0.45 | 22500
3 |0° 5 5 0° 4

36 | 2.58x1 |0.32 360 0.36 0.46 2340 | 2.81x1 0.48 | 22500
8 |0° 5 5 0° 8




37 |2.05x1 |0.32 350 023 |0.45 2400 | 1.18x1 0.49 | 22500
3 |0° 5 4 0° 0
37 | 1.64x1 |0.32 340 | 017 | 046 2340 | 6.70x1 0.49 | 22500
8 |0° 5 7 o* 0
38 | 1.32x1 |0.32 300 |0.10 | 047 2350 | 2.65x1 0.50 | 21200
3 |0° 5 5 0o 5
38 | 1.07x1 |0.32 250 | 0.07 |0.48 2340 | 1.70x1 0.50 | 20000
8 |0° 5 0* 4
39 |8.73x1 |0.32 200 |0.06 |047 2340 | 1.40x1 0.50 | 19000
3 |0° 5 0o 6




Supplementary Table 2. The rheological properties obtained from anelasticity of the

La-based metallic glass at the ambient temperature.

Indentation 1 (GPa) G, (GPa) tc (Ms) AG (eV)
Load (uN)
400 24.73+0.52 17.67+0.65 2.61+1 0.55+0.02
500 24.98+0.09 16.39+0.38 1.41+1 0.54+0.01
600 25.6320.39 17.07+0.40 2.06+1 0.5540.02




Supplementary Notes

Supplementary Note 1
As shown in Supplementary Figure 1, the XRD pattern of an as-cast
Lase.16Ce14.04Ni1ggAl1o consists of only a broad diffraction maximum without any
detectable sharp Bragg peaks from crystalline phases. Therefore, it is considered that
the amorphous structure of the as-cast alloys is verified within the XRD resolution
limitation. Supplementary Figure 2 shows a typical DSC trace obtained from the
as-cast Labased BMG alloy at the constant heating rate of 20K/min. The DSC curve
exhibits a distinct endothermic reaction corresponding to the glass transition,
followed by a wide supercooled liquid region before a crystalline exothermic peak

shown at a higher temperature during the continuous heating. The glass transition

temperature, T, the onset crystallization temperature, T, and the supercooled liquid
region defined as the temperature interval AT, =T, —T_ are determined to 461, 549
and 88K, respectively. Those observations further confirm the amorphousness of the
as-cast alloy and indicate that the La-based BMG alloy has a high thermal stability
with respect to crystallization, which enables the measurement of dynamical

mechanical properties over a sufficiently wide temperature and/or time window.
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Supplementary Note 2
In the present work, we concentrate on the dynamic mechanical spectrum of the
La-based BMG over a relatively large temperature window (from 233K to 393K)
with applied frequency varying from 0.01 to100Hz for a thorough investigation of
the secondary relaxations. As shown in Supplementary Figure 3, the isothermal

mechanical loss spectra of the La-Ce BMG alloy can be fitted very well to the

AE

+—————, Where E*
1+ (iw7)?)

Hvariliak Negami (H-N) function'® E*(iw,T)=E,

and E, denote respectively the dynamic and un-relaxed modulus, the relaxation
strength AE=E, —E, with E, being the relaxed modulus, and 7z is the
characteristic relaxation time. Note that the parameter a and b describe the
asymmetry and broadness of the corresponding relaxation spectra, respectively, and
the values of the fitting parameters are listed in Supplementary Table 1.

From the typical loss modulus spectra, E"(w) , a pronounced mechanical loss
peak can be observed at lower temperatures, e. g. 228 or 233K [Supplementary
Figure 3(a)], before the ordinary secondary (slow f) relaxation sets in and gradually
becomes dominant with the increasing testing temperature[Supplementary Figure 3
(b)-(h)]. The mechanical loss spectra of the La based BMG are successively
dominated by the two different sub-T, secondary relaxations shifting through the
given frequency window. As pointed out in the main text, the identified low-T loss
peak corresponds to another faster secondary (5 °) relaxation process preceding the
slow S relaxation in time. Here it should be noted that an increase of the loss

modulus towards the lowest frequencies is visible at the temperatures above 355K,
11



which can be attributed to the o relaxation whose peak lies outside the experimental
frequency window [Supplementary Figure 3(g) and (h)]. Furthermore, as shown in
Supplementary Figure 3, the H-N fitting allows one to reproduce the main spectral
features of the investigated La-based metallic glasses assuming simple superposition
of the fast and slow secondary relaxations with the o relaxation. It is worth noting
that not only the slow £ but also the fast £’ relaxation was fitted to the Cole-Cole
(C-C) equation (b=1) °, while the main o relaxation process to the Cole-Davidson
(C-D) relation (a=1)'(see Methods in the main text). For instance, at the low
temperatures, i.e. 173 or 178K, the loss spectra corresponding to the fast g’
relaxation process can be well fitted by using just only one the C-C curve. As the
temperature is increased, an additional C-C equation is required to well fit the
mechanical loss spectrum which corresponds to the slow /S process over the
investigated frequency range. At the temperatures above 355K, in addition to the two
sub-T4 secondary relaxations, the primary (o) relaxation process is found and merges
with the low-frequency tail of the slow /g -relaxation spectrum [Supplementary
Figure 3 (f)-(h)]. As a result, one additional C-D equation is required to fit the

mechanical loss spectra over the investigated frequency range.

Supplementary Note 3
Recently, there were substantial studies which revealed that the slow £ relaxation in
metallic glasses can be linked to a typical “shear transformation” (ST) event or the
activation of a hidden “flow unit” because of the nearly same activation energy on the

12



order of ~ 1 eV¥*. As such, a legitimate question to ask is: given the presence of the
fast / relaxation, what kind of deformation process can it be possibly linked with?
Since a ST event signals the onset of local yielding and the activation energy of the
fast £’ relaxation is less than that of the slow f relaxation, it is sensible to hypothesize
that the fast S’ relaxation process might be linked to the inelastic deformation process
in metallic glasses prior to yielding, namely, anelasticity. To characterize the
activation energy for anelasticity in our La-based alloy, we carried out spherical
nanoindentation tests following the method detailed in the previous work*2. The basic
idea is to apply a small indentation load at a fast rate and subsequently do the
unloading slowly after load hold for some time, as illustrated by the inset of
Supplementary Figure 4. In this way, both anelastic and elastic strain can be revealed
and characterized in the same test*2.

Supplementary Figure 4 presents one typical load (P) versus displacement (h)
curve obtained from indenting the La-based metallic glass at the peak load of 600uN
and the loading time t, of 0.005s. It is evident that the P-h curve returns to the zero
displacement after the full unloading, indicative of the elastic nature of the material’s
deformation. However, due to the short loading time and thus ultrafast strain rate, the
loading curve deviates from the Hertzian theory which conforms to the character of

12
|

anelasticity. According to the mean-field model™, the loading curve of the spherical

indentation can be fitted to the following rheological relation:
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s 3P(tY1-v) 3PL-v)u-G, ), t
h(t)”* = N Sﬁg,y [1—exp(—t—ﬂ (S1)

c

where G, denotes the quasi-static (relaxed) shear modulus, x the unrelaxed shear
modulus, R the indenter tip radius (=5 um), othe Poisson’s ratio, P the loading
rate and t, the apparent relaxation time t, =exp[AG/(kT)]/(2w), in which AG is the
activation energy against the thermal activation processes occurring during
anelasticity and @ (~10) is approximated as the Debye frequency. Note that Eq.(S1)
is degenerated to the Hertzian theory for t >> t.. By fitting Eq. (S1) to both the loading
and unloading curves (Supplementary Figure 4), we can easily obtain G;, ¢ and t,

for T = 299K (the ambient temperature). Thus, the activation energy AG against the
local configurational transition during anelasticity can be also estimated, as tabulated
in Supplementary Table 2. Very interestingly, the obtained activation energy (~0.5 eV)
for the anelastic deformation in the La-based metallic glass is very close to that for the
fast S' -relaxation but significantly lower than that (~0.92 eV) for the slow B
relaxation. In addition, the relaxation time (~2 ms) obtained from anelasticity is also
close to that of the fast 4’ relaxation around the similar temperature. Therefore, these
important findings are supportive of our previous hypothesis that anelasticity can be
correlated with the fast 8’ relaxation in the La-based metallic glass, in analogous to

the local yielding being correlated with the slow /3 relaxation®.
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