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A B S T R A C T   

Structural heterogeneity has been proposed as a key intrinsic feature and mechanism underline unique properties 
and dynamic behavior of metallic glasses; however, it is still challenging in precisely describing and effectively 
characterizing the atomic-scale heterogeneity in metallic glasses. In this work, we employed the Meissner effect 
of superconductivity in magnetic susceptibility measurements as a sensitive bulk probe and successfully revealed 
the three-dimensional structural heterogeneity and its two-way evolution tuned by structural aging or rejuve-
nation in a La-based metallic glass. Compared with the resistivity measurements which only signal the most 
superconductive loop in inhomogeneous materials, the diamagnetic susceptibility signal of the Meissner effect 
maps the volumetric distribution of all superconductive regions and the corresponding structural heterogeneity 
in metallic glasses with high sensitivity. The experimental results reported in this article can be well interpreted 
based on a structural model of tunable “soft liquid-like” regions with soft vibration modes mixed with “hard 
solid-like” regions, validating the heterogeneity models of metallic glasses with new experimental data and 
approach.   

1. Introduction 

Metallic glasses (MGs) possess many superior properties to both the 
conventional metals and glasses for widespread applications and also 
provide unique model systems for fundamental studies of glasses in 
general [1–5]. Due to the lack of strict restrictions of the well-defined 
symmetries in crystals and directional bonds in conventional glasses, 
the atomic structure of MGs has far more degrees of freedom in their 
atomic arrangement and was expected to be highly disordered and ho-
mogeneous before. However, after decades of efforts, it has been grad-
ually recognized that MGs have structural ordering even beyond the 
nearest-neighbor shell[6,7], and more recently, considerable intrinsic 
spatial heterogeneity within a certain atomic scale. Especially, the 
intrinsic spatial heterogeneity is believed to hold the key to under-
standing many of their unusual properties and behavior in MGs [8–17]. 

Investigation of the atomic-scale structural heterogeneity in amor-
phous structures is technically challenging. Recently, some progress 

using various advanced atomic force microscopy [12,13,18] and scan-
ning transmission electron microscopy [15] has been made to determine 
the spatial fluctuations of moduli, energy dissipation, or density with 
correlation lengths of 2.5–20 nm in MGs. These studies are encouraging, 
however, limited to probing an extremely thin layer or only the surface 
of MGs and usually involve debatable effects caused by surface oxida-
tion/contamination or high energy electron/iron radiation. Moreover, 
the surface (nanometer scale) of MGs has been suggested to have 
different structure/dynamics compared with the interior of MGs [19, 
20]. However, it is much more challenging to detect the interior of bulk 
MGs than their surfaces, and it has rarely been done. One major 
approach to exploring bulk structural heterogeneity studies the anelastic 
response of MGs to uniaxial mechanical loading. Based on the aniso-
tropic pair distribution function (PDF) analysis of MGs under uniaxial 
elastic loads, Dmowski et al. [10] reported that MG samples may have 
~24% liquid-like atomic packing accounting for their corresponding 
anelastic deformation [21]. In another high-frequency dynamic 
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micro-pillar compression experiments by Ye et al. [11], ~10% volume 
fraction of soft liquid-like zones were claimed in MGs according to the 
significant mechanical hysteresis during uniaxial loading and unload-
ing. In addition, nanoindentation pop-in statistical tests also have been 
employed to study the structural heterogeneity based on a defect assis-
ted model. The “defect” density can be obtained by fitting, which can be 
significantly reduced by annealing [22]. 

According to the previous studies mentioned above, although the 
details are elusive, structural heterogeneity with two distinct regions (i. 
e., the relative loosely packed liquid-like soft region and the densely 
packed solid-like hard region) is believed to exist in MGs. However, 
besides mechanical properties, structural heterogeneity has been seldom 
confirmed by other properties measurements. MGs are a class of unique 
glasses which are electrically conductive; many of them are even su-
perconductors [23]. Superconductivity is a highly structure-sensitive 
phenomenon (electrons acting as Cooper pairs via electron-phonon 
interaction), which has been extensively studied in many MG systems, 
e.g., in the La-based MGs [23–27]. The superconducting behavior of 
MGs was found to be susceptible to their glass states (structures) as well 
[28–31]. However, the previous understanding of heterogeneity in MGs 
mainly referred to the extrinsic structural fluctuation caused by acci-
dently occurred nano-crystallization/precipitation or phase separation, 
which was not a major topic for superconducting studies of MGs. Based 
on the current structural model of MGs, heterogeneity is a key feature of 
the intrinsic structures of MGs, it is naturally expected that the super-
conducting transition width should be quite broad compared with their 
single-phase crystalline counterparts. However, surprisingly, the tran-
sition width in MGs was found to be as sharp (~a few mK) as 
single-phase crystalline superconductors[32], which causes confusion 
and casts doubts on our current structural models of MGs. To address 
this issue, in this work, we chose a superconductive La75Al25 MG as a 
model system and systematically studied the superconductivity 
behavior of as-quenched samples together with aged and rejuvenated 
samples (deliberately tuned structures for structural model validation) 
using both electronic resistance and magnetic measurements. 

2. Experimental details 

La75Al25 ingots were prepared by melting pure La (99.9 at.%) and Al 
(99.9 at.%) in an arc-melting machine under a Ti-gettered high purity Ar 
atmosphere. Each ingot was flipped and melted at least five times to 
ensure homogeneity in the composition. A melt-spinning device was 
used to quench the melt droplets into thin ribbons with a copper wheel 
spinning at 50 m/s. The pure amorphous nature of the as-quenched and 
annealed MG ribbons was verified by synchrotron radiation x-ray 
diffraction (XRD), synchrotron radiation small-angle X-ray scattering 
(SAXS) as shown in Fig. 1, and differential scanning calorimeter (DSC) 
(Perkin-Elmer 8500), as shown in Fig. 2. The synchrotron radiation XRD 
measurements were performed at beamline 13-ID-D, Advanced Photon 
Source (APS), Argonne National Laboratory (ANL), USA. The X-ray 
wavelength was 0.4959 Å, and the focused beam size was about 2.5�
3.5 μm2. The exposure time for each XRD pattern was 60 s. The syn-
chrotron radiation small-angle X-ray scattering (SAXS) was performed at 
beamline 12-ID-B, APS, ANL to confirm the homogeneity of the MG 
samples in nanoscale. The X-ray wavelength was 0.9322 Å. The beam 
size was about 200  �  30 μm2. In the DSC measurement, the samples 
were continuously heated at a rate of 20 K/min in the range from 250 K 
to 723 K, and the cooling rate was 50 K/min under a high-purity ni-
trogen atmosphere. The electrical and magnetic measurements were 
carried out by PPMS-9T (Physical Property Measurement System, made 
by Quantum Design, USA) and MPMS-3 (Magnetic Property Measure-
ment System, made by Quantum Design, USA), respectively. The AC 
mode was used for resistivity measurements, and the amplitude of 
current was 100 μA. The standard four-probe method was applied to the 
flat plane of the ribbon samples. In magnetic measurements, the MG 
ribbons were cut into several short segments and each segment was 

attached to the stick for SQUID-VSM measurements to ensure that the 
magnetic field applied was parallel to the plane of the ribbons. In this 
way, the effect of the demagnetization factor can be ignored since the 
sum of the length of the segments was around 30 mm, which is much 
larger than the width and thickness (the thickness of samples is 
approximately 20 μm) [33]. Consequently, the variation of diamagnetic 
susceptibility at 1.8 K reflects the intrinsic properties of the samples 
rather than the size effect. The DC magnetization for all the samples was 
measured under a relatively low magnetic field of 20 Oe (below the 
lower critical field, Hc1, at 1.8 K). A low magnetic field of 20 Oe was also 
applied in the field cooling (FC) process. The reliability of magnetic 
measurements was also certified by using different sizes of segments to 
repeat the experiments. 

Glass structures were modified by both aging and rejuvenating the 
La75Al25 MGs [34]. Annealing MGs at relatively high temperatures 
(close to the glass transition temperature, Tg) is an effective way to 
accelerate the structural aging [35]. The amorphous ribbons were 
heated in a furnace under a flowing high purity nitrogen atmosphere to 
conduct the annealing experiments. The annealing samples were heated 
from room temperature (20 K/min) to 453 K (~21 K below Tg, ~474 K) 

Fig. 1. Structure characterization of La75Al25 MG samples by synchrotron 
radiation x-ray techniques. (a) Synchrotron radiation XRD patterns of the as- 
quenched and annealed La75Al25 MG samples. The inset shows the relative peak 
position and width changes of the principal peaks. (b) The synchrotron radia-
tion SAXS for the as-quenched La75Al25 MG sample. 

Fig. 2. The DSC characterization of the glass nature and structural 
relaxation in La75Al25 MG samples. (a) The DSC traces for the as-quenched 
and the annealed (453 K for 5 min) La75Al25 MG samples. (b) The DSC traces 
for the well-relaxed and rejuvenated (27 cycles between 293 K and 77 K) 
La75Al25 MG samples. The insets highlight the comparison of the structural 
relaxation signals before glass transitions between samples. 
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and then maintained for 0 min, 0.5 min, 1 min, 5 min, 8 min, and 10 min, 
respectively, before rapidly cooling down to room temperature. 
Recently, it was reported that rejuvenation of MGs could be easily 
realized by thermal cycling between room temperature (293 K) and 
liquid nitrogen temperature (77 K) [34]. More soft liquid-like regions 
are expected to be generated in this process at the expense of the hard 
solid-like matrix. As a result, it is an appropriate method of tuning the 
local atomic structure but without any destructive effect or shape 
change for samples as a reverse process of aging for MGs. In this work, 
thermal cycling treatments were performed by inserting the MG ribbons 
into a liquid nitrogen Dewar for 1 min and then quickly transferring 
them into ethanol (constantly maintained at 293 K) for 1 min, then 
repeating the process for designed cycles. 

3. Results and discussion 

3.1. Characterization of the amorphous nature 

Fig. 1(a) shows the synchrotron radiation XRD patterns of the as- 
quenched and annealed La75Al25 samples. No sharp Bragg diffraction 
peaks were observed besides the broad, amorphous halos in these pat-
terns. The fitted peak position and peak width of the principal peaks are 
shown in the inset of Fig. 1(a). The peak position shift caused by 
annealing is estimated to be ~0.16% and the peak width shrinks by 
~3.8% when the annealing time is longer than 0.5 min at 453 K. Ac-
cording to the Debye formula [36], the relative increase of the sample 
density after annealing is estimated to be ~0.48%. The SAXS experiment 
performed on the as-quenched La75Al25 sample shows smoothly decayed 
intensity without any bumps as shown in Fig. 1(b), indicating 
high-quality of the monolithic MG samples without any of the nanoscale 
density fluctuation. It should be emphasized that the existence of 
extrinsic heterogeneity caused by a nano-crystalline nucleus or phase 
separation is explicitly ruled out by the high-resolution synchrotron 
radiation XRD and SAXS, ensuring the studies in this work could focus 
on intrinsic amorphous structures of MGs. Moreover, a fully crystallized 
sample was also obtained as a control sample for comparison by holding 
the as-quenched La75Al25 MG sample above the Tx (the onset tempera-
ture of the first peak of crystallization) at 513 K for 5 min. All the 
samples were also characterized by DSC (Fig. 2). The Tg (glass transition 
temperatures) and Tx of all the samples including as-prepared, annealed, 
and rejuvenated samples are nearly identical. In contrast, the enthalpy 
of relaxation (the exothermal signal before the glass transition) signifi-
cantly diminished or enhanced are consistent with the effects of 
annealing or rejuvenation previously reported on MGs, respectively 
[34]. 

3.2. Electrical and magnetic properties of as-quenched MG at low 
temperatures 

The zero-field (ZF) electrical resistance of the as-quenched La75Al25 
sample from 1.8 K to 300 K is shown in Fig. 3(a). Consistent with the 
prototypical behavior of MGs, the as-quenched La75Al25 sample exhibits 
a negative temperature coefficient of resistance (TCR) above 3.6 K, 
however, further decrease of the temperature results superconductivity 
in the sample. Electrical resistance vs. temperature at various external 
magnetic fields up to 3.8 T in the temperature range below 3.7 K is 
displayed in Fig. 3(b). The superconducting transition temperature Tc 
from electrical measurements was determined by the 50% criterion. The 
calculated upper critical field (Fig. 3(c)), Hc2(0), at 0 K is ~5.8 T ac-
cording to the Werthamer-Helfand-Hohenberg (WHH) theory [37] and 
~5.7 T based on the theory by Maki [38] and de Gennes [39]. Then, the 
superconducting coherence length, ξ, can be further calculated to be 
~7.6 nm [40] or ~6.5 nm with correction due to short mean free path 
[41], which are comparable with the proposed characteristic sizes of 
shear transformation zones (STZs), flow units, or loose packing domains 
in MGs [18,42,43]. Therefore, these coherence lengths might be 

associated or interact with the spatial heterogeneity domains in MGs, 
suggesting close correlation between superconducting behavior and 
glass structure in MGs. However, the sharp superconducting transitions 
(<0.02 K) observed in the resistance measurements are comparable to 
the superconducting transition widths of conventional crystalline 
metallic superconductors. Given an inhomogeneous superconductor 
sample, the resistance will be dominated by the most superconductive 
loop inside the sample and the less conductive regions will be shorted 
out [44]. As a result, the superconducting transition widths, ΔTc, in these 
electronic resistance studies were minimal (around a few mK) and, thus, 
may not reflect the possible spatial heterogeneity in MGs. 

Alternatively, according to the Meissner effect of superconductors 
(the nature of superconductors to actively exclude magnetic fields from 
their interiors), a magnetic (diamagnetic susceptibility) measurement 
could catch more bulk information on the superconductivity of the 
entire sample with heterogeneity. The temperature dependence of the 
magnetic susceptibility of the La75Al25 MG sample was, therefore, 
further characterized, as shown in Fig. 4(a). The difference between 
zero-field cooling (ZFC) data and FC data is ascribed to the flux pinning 
in type-II superconductor [45]. If we define the temperature at which 
the sample starts to show a signal of diamagnetic susceptibility as the 
onset Tc, the as-quenched La75Al25 MG sample possesses a striking 
diamagnetic superconducting transition at ~3.6 K, which is consistent 
with the value of Tc estimated by resistance measurement in Fig. 3(a). 
However, the transition width observed in the diamagnetic suscepti-
bility measurement is much broader than that in the resistance mea-
surement. For comparison, the magnetization of the crystallized sample 
was also measured, as shown in Fig. 4(b). Only one superconducting 
transition was observed at a higher transition temperature, ~4.3 K, and 
the transition width is sharp as expected for crystals. Based on the 

Fig. 3. Electric resistance measurements at low temperatures and various 
magnetic fields. (a) The resistance as a function of temperature for La75Al25 
without a magnetic field. The current was 100 μA. (b) The magnetic field 
dependence of the superconducting transitions in fields from 0 to 3.8 T. (c) The 
superconducting upper critical field Hc2 as a function of temperature for 
La75Al25 MGs fitted by a linear correlation to determine the (dHc2/dT)T¼Tc used 
in WHH formula (red curve) and fitted by the formula proposed by Maki and de 
Gennes (green curve). 
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analysis of the XRD patterns of the fully crystallized La75Al25 sample, the 
single superconducting phase should be the crystallized α-La [46]. The 
transition widths can be readily estimated by the peak widths of the 
derivative curves of the diamagnetic susceptibility data (Fig. 4(c)). The 
transition width of the La75Al25 MG sample is approximately 6 times 
larger than that of the crystallized sample. As the superconducting 
transition width is supposed to be related to the heterogeneous structure 
in superconductors[47–49], the superconducting phase in the La75Al25 
MG is obviously much more heterogeneous than that in its crystallized 
products. Moreover, the superconducting transition shown in the ZFC 
curve of the La75Al25 MG is broad but quite smooth without obvious 
steps, indicating that the heterogeneity in MGs may have a continuous 
and wide statistical distribution rather than consisting of two-distinct 
domains (as typically simplified as liquid-like and solid-like regions). 
This speculation is further supported by the broad peaks in the deriva-
tive of the diamagnetic susceptibility data for both ZFC and FC mea-
surements in MG samples (Fig. 4(c)), which indicates a wide distribution 
of the superconducting transition temperatures as well. 

3.3. The nominal shielding volume fraction for annealing and thermal 
cycling 

To further clarify and validate the close correlation between 
diamagnetic susceptibility and glass structure/states, structural tuning 
was achieved deliberately in a two-way manner by thermal treatment of 
aging and rejuvenation [34]. Fig. 5 shows the temperature dependence 
of magnetic susceptibility from 1.8 K to 5 K for La75Al25 MG samples 
with different annealing time or rejuvenation thermal cycles. From the 
ZFC data, the magnitude of diamagnetic susceptibility for per unit mass 
of the La75Al25 MG under a magnetic field of 20 Oe at 1.8 K is defined as 
the nominal shielding volume fraction (although no plateau is reached). 
With the increase of annealing time or thermal cycles, both the Tc (Fig. 6 
(a) and (c)) and the nominal shielding volume fraction (Fig. 6(b) and 
(d)) could be dramatically and consistently deduced and increased, 
respectively. However, the changes of Tc are much smaller than that of 
the nominal shielding volume fraction (e.g., ~2.5% vs. ~38% with the 

annealing time of 1 min at 453 K). These results further demonstrate that 
the shielding volume fraction is a more sensitive and capable variable 
compared with the “conventional” shift of Tc to characterize the struc-
tural states/evolution in MGs. 

3.4. The mechanism based on the core-shell model and the theory of soft 
phonon modes 

The superconducting MGs are believed to be weak or mediate 
phonon-electron coupling type-superconductors under dirty limit and 
could be described in the frame of conventional BCS theory [28], in 
which the superconductivity is strongly associated with the 
electron-phonon coupling constant, λ. Poon [29] and Inoue [50] both 
mentioned that the annihilation of quench-in ‘defects’ or the ‘hardening’ 
of the phonon modes is responsible for the degradation in λ, therefore, in 
Tc for structural relaxation in their studies on MGs. Ding et al. [14] and 
Zhang et al. [51] have reported that liquid-like regions in MGs possess a 
high propensity to stimulate soft modes. As a result, during annealing, 
the degradation of liquid-like soft regions in MGs causes the reduction of 
the quasi-local soft modes (the inset of Fig. 5(a)), consequently, dimin-
ishing of λ, nominal shielding volume, and Tc. On the other hand, more 
soft spots or liquid-like regions generated by the rejuvenation process 
would result in a rising number of soft modes (the inset of Fig. 5(b)), 
therefore, increasing nominal shielding volume and Tc with elevated λ. 
It has been extensively proposed that both the aging and rejuvenation in 
MGs might be associated with the evolution of structural heterogeneity 
in atomic scale, i.e., the volume ratio of the solid-like matrix and 
quench-in liquid-like “defects” regions that make up the MGs could 
change during structural aging or rejuvenation processes [18,52,53]. 
The results in this work support this intrinsic structural heterogeneity 
model of MGs and its mechanism for tuning by aging or rejuvenation. 

In addition to the values of the nominal shielding volume fraction 
and Tc, the entire profile of the ZFC and FC diamagnetic susceptibility 
curves of MGs also show abnormal behavior compared with that in 
typical crystalline superconductors. These may provide even more 
detailed information about the glass structure/states and its distribution 
and variation tuned by various treatment, e.g., the diamagnetic signal in 
FC curve of MGs is still prominent compared to their crystallized 

Fig. 4. Magnetic susceptibility measurements through the super-
conducting transitions of the La75Al25 samples. Temperature dependence of 
magnetic susceptibility with FC or ZFC from 1.8 K to 5 K for the as-quenched 
La75Al25 MG, (a) and the crystallized La75Al25 sample (b). The applied mag-
netic field was 20 Oe. (c) The derivative of the diamagnetic susceptibility data 
in (a) and (b) compared with the derivative of the resistance data (dotted line) 
in Fig. 3(a) as a function of temperature. 

Fig. 5. Magnetic susceptibility measurements through the super-
conducting transitions of the La75Al25 samples after aging or rejuvenation 
treatment. Temperature dependence of magnetic susceptibility with FC or ZFC 
from 1.8 K to 5 K for as-quenched La75Al25 and annealed MG samples (a) and 
for the initial sample La75Al25 (well-relaxed) and the rejuvenated samples by 
thermally cycling 27 and 50 times (b). The insets in (a) and (b) present the 
schematic illustration for the atomic structure of MGs tuned by aging and 
rejuvenation, respectively. It should be noted that the liquid-like regions and 
solid like regions in real structures of MGs may not have definable boundaries 
between them as simplified in these illustrations. 
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products due to the MG’s relative weak pinning abilities (Fig. 4). 
However, the superconducting transition shown in FC is much narrower 
(the curve shape changes) than that in ZFC of MGs. These results suggest 
that the flux pinning in the MG sample is not uniform, which may be 
mainly carried by more solid-like (also more ordered and denser) re-
gions with stronger pinning abilities but weaker electron-phonon 
interaction. Therefore, the remaining superconducting regions pre-
sented in the FC measurement might be the most liquid-like regions with 
softer modes, whose volume fraction can be estimated to be ~25% by 
the nominal shielding volume fraction ratio between FC and ZFC. 
Therefore, it is worth further studying to dig deeper and provide more 
valuable information as constraints on our current glass structure 
modelling or inspire new models. 

4. Conclusions 

In summary, we synthesized a model MG sample La75Al25 and 
carefully characterized their structures by synchrotron radiation XRD 
and SAXS, which rule out the typical extrinsic heterogeneity caused by 
nano-crystallization or phase separation. Then, we systematically stud-
ied the superconducting behavior of the La75Al25 MG by magnetic sus-
ceptibility measurements and electrical resistance measurements at low 
temperatures. Compared with the resistance measurements which signal 
the most conductive one-dimensional loop, the diamagnetic suscepti-
bility is found to be an extremely sensitive bulk probe which can 
conclusively reveal the three-dimensional spatial structure heterogene-
ity associated with a broad distribution of Tc in the entire sample. The 
different structural states of the La75Al25 MG sample tuned by relaxation 
and thermal cycling cause a significant change in the nominal shielding 
volume fractions which can also be well explained by the structural 
heterogeneity with the volume fraction change/degradation of the 
liquid-like regions caused by aging or rejuvenation. Therefore, our 
findings provide valuable experimental data and systematic explana-
tions to validate and deepen our current understanding of the glass 
structure and its evolution in MGs. The transition width and ZFC/FC 
curve shapes from magnetic susceptibility measurements could provide 
more detailed information about the glass structure and structural tun-
ing by either relaxation or rejuvenation, which are worth further 
exploration in the future to dig deeper and obtain more valuable 

experimental data as constraints on our current glass structure model-
ling or inspire new models. 
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Fig. 6. Onset superconducting temperatures, 
Tc and absolute nominal shielding volume 
fractions, |χ| as a function of the structures 
tuned by aging or rejuvenation. Holding time 
for annealing (ta) dependent Tc (a) and |χ| (T ¼
1.8 K) (b) obtained from curves in Fig. 5a. The 
red pentagrams represent the as-quenched sam-
ple. Thermal cycling times dependent Tc. (c) and 
|χ| (T ¼ 1.8 K) (d) obtained from Fig. 5b. The red 
dashed line is a fit following the exponential 
equation: |χ| ¼ k∙exp (-t/τ)þy0, where k is the 
coefficient, τ is the characteristic relaxation time, 
y0 is the offset constant. The blue dashed line is a 
guide for the eyes.   
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