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The formation mechanism of glass at the atomic scale has been under debate over centuries. In this
work, we demonstrate that hybridization, as manifested byMott’s pseudogap, has a strong influence on
the bond length as well as atomic packing, which can potentially tailor the formation of metallic
glasses at microscopic time and length scales. A p–d orbital hybridization between the post-transition
metal Al and the transition metal was shown by the 27Al isotropic shifts and the spin–lattice relaxation
time of Zr–Co–Al alloys using nuclear magnetic resonance. These bonds lead to a charge transfer
between the specific atomic pairs and the shrinkage of interatomic distances. Such chemical bonding
favors the formation of metallic glasses by introducing a string-like structure and further stabilizes
metallic glasses via a reduction in the density of states at the Fermi level. Our work has implications for
understanding the glass formation mechanism at the electronic level and may open up new
possibilities on the design of glass from the perspective of atomic interactions.
Introduction
Compared with rubbers, optical fibers, and numerous other
glasses found in nature or produced for industrial applications,
metallic glasses (MGs) are considered to exhibit more random
atomic packing without directional bonding [1–3]. Generally,
freezing of atomic dynamics in MGs during glass transition
occurs via localization of atoms by their neighbors [4,5]. The
densification of packing rather than bonding nature, thus, is pro-
posed to play a dominant role during glass transition and in
determining the MG’s formation [3–10].

Nevertheless, unlike one component hard-sphere systems, the
description of the real packing state of MGs is controversial. For
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multi-component MGs that typically exhibit a strong chemical
short-range order [11–14], the local packing density of the atoms
may deviate from the calculated macroscopic average packing
density. Moreover, the atomic size in alloys is not well defined.
The atomic radius could differ from that of the pure element,
and in some cases may even depend on the alloy composition.
A significant shortening of the bonds between transition metal
(TM)-Al atomic pairs has been found, e.g. in Zr46Cu47Al7 [13]
and Al87Ni7Nd6 [14] MGs. Hence, the packing density cannot
be used as a convincing parameter to describe glass formation,
particularly when different alloy systems with dissimilar chemi-
cal environments are compared. For example, Zr–Ni displays a
higher density of packing than Zr–Cu in the liquid state [15]. It
is, however, a worse glass former compared to Zr–Cu.

Theoretical calculations show that a composition dependence
of the density of packing originates from chemical/electronic
369-7021/� 2019 Elsevier Ltd. All rights reserved. https://doi.org/10.1016/j.mattod.2019.06.001
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interactions between the alloy components [11–13], which sig-
nificantly affect atomic configurations [11–14] and macroscopic
properties of MGs, e.g. Hall coefficient, conductivity, magnetore-
sistance, elastic modulus/stiffness, plasticity, and toughness
[16–21]. It makes us wonder how such chemical effects influence
the formation of MGs. Some studies suggest that the stability of
MGs relies on Mott’s pseudogap or chemical bonding/valence
electron concentration under the framework of Nagel-Tauc’s
nearly-free-electron model [22–25]. However, the experimental
verification of these correlations is still far from conclusive [26–
28]. A detailed investigation of the extended partial density of states
(DOS), such as s- and p-DOS, is lacking, especially for sp elements
like P and Al with low photoionization cross-sections [27]. Besides,
classical structural models [1,8,12,29,30] for describingMGs forma-
tion, such as Bernal’s dense random packing model [1], focus more
on atomic sizes and topological configurations. The details of the
bonding nature are rarely taken into account [29,30].

The present work aims to figure out the role of the electronic
state on atomic packing and its impact on glass formation.Nuclear
magnetic resonance (NMR)measurements and ab initiomolecular
dynamics simulations are conducted here to trace the evolution of
the local electronic configuration of 27Al nuclei in typical TM-Al
glass-forming Zr–Co–Al alloys. NMR spectroscopy is a powerful
experimental tool for characterizing the electronic/band state of
MGs in the vicinity of the Fermi level [31,32]. More importantly,
27Al NMR has been proved as an atomic probe to describe the
s-DOS in a TMmatrixwell [33–36]. Aluminum is of special interest
from the MGs development point of view since it is known as an
effective additive that is slowing down the atomic dynamics
[37,38] and improving the glass-forming ability (GFA) [39]. More-
over, a tiny amount of Al can simultaneously enhance the yield
strength and compressive plasticity of MGs considerably [40,41].

Combined with density measurements on highly reactive
Zr–Co–Al melts by utilizing advanced containerless processing
techniques [42], we found that changes of the GFA as a function
of the Al concentration are not resulting from variations of the
density of packing but are controlled by an increased amount of
covalent-like bonding. Hybridization indicated byMott’s pseudo-
gap in NMR studies leads to a minimum of the DOS at the Fermi
level, which causes that the maximum stability of the material
occurs upon saturation of the covalent-like bonds. On the other
hand, hybridization results in a charge transfer between the speci-
fic atomic pairs and bond shortening. Such chemical/directional
bonds facilitate the formation of energetically favorable
molecular-like fragments, which leads to e.g. sluggish atomic
dynamics [38] and/or the stabilization of liquid phases. Our stud-
ies based on NMR and ab initio simulations provide not only a
characterization of the bonding nature in MGs but also a deep
insight into the underlying physical mechanism of MG forma-
tion. It may further promote the design and manufacturing of
function-improved MGs by considering of influences resulting
from atomic interactions.

Results
Concentration dependence of the GFA and the average
packing fraction in Zr–Co–Al alloys
The critical diameters D for glass formation as well as the width
of the supercooled regime (DTx = Tg � Tx) of Zr72–xCo28Alx
(4 � x � 24) are plotted in Fig. 1a and b as characterizations of
the GFA, where Tg and Tx are the glass transition temperature
and crystallization onset temperature, respectively. The critical
diameters for alloys containing 14 and 16 at.% Al are taken from
the work of Wada [43] and Yu et al. [44], and the data for other
compositions are measured in this work. It can be seen that the
widest DTx of 55 K was observed at x = 16 at.% Al, indicating a
thermally most stable supercooled state at this composition. This
agrees well with the largest critical diameter of 18 mm found for
Zr56Co28Al16 [43].

Density, molar volume, and packing fraction of Zr–Co–Al
melts at 1300 K are presented in Fig. 1d–f as a function of the
Al concentration. All measured densities show a linear depen-
dence with the temperature down to the undercooled state, giv-
ing no indication for volume-change involved transitions, such
as liquid–liquid phase transitions [45], within the investigated
temperature and composition range. The typical density–temper-
ature relations of Zr72–xCo28Alx (4 � x � 24) melts are shown in
Fig. 1c. These melts exhibit a similar thermal expansion coeffi-
cient for all compositions. Consistent with the lower density of
Al compared with that of both Zr and Co, the density q of Zr–
Co–Al melts decreases with Al addition. The covalent/Gold-
schmidt radius (rC, rG) of Al (rAl

C = 1.248 Å, rAl
G = 1.43 Å) is between

that of Zr (rZr
C = 1.454 Å, rZr

G = 1.60 Å) and Co (rCo
C = 1.157 Å,

rCo
G = 1.26 Å) [46,47]. Therefore, the specific molar volume Vm

(Vm ¼ M
�
=q, where M

�
is the average molar mass of all compo-

nents) decreases with increasing Al concentration in cases of
both Zr72–xCo28Alx and (Zr0.67Co0.33)100�xAlx, where (mainly)
large Zr is substituted by Al, whereas it increases in the case of
Zr56Co44�xAlx, where small Co is substituted by Al.

The average packing fraction u that describes the packing
state of a system independent of atomic size and mass is plotted
in Fig. 1f. u is derived by assuming hard-sphere-like packing

using u ¼ NAV̂=Vm (Ref. [38]), where NA is Avogadro's number

and V̂ the effective size of the atoms calculated by

V̂ ¼ 4=3p r3h i using the fixed covalent/Goldschmidt radii (r) of
the pure metals [46,47]. When considering the experimental
error limits of ±5%, no significant variation of the packing frac-
tion u is observed. This clearly manifests that changes of the
average packing density are not responsible for the observed
dependence of the GFA on the Al concentration. Considering
the changes of the atomic packing during the crystallization of
alloys [6,7], a comparison of u is also made between that of the
crystalline Zr72–xCo28Alx alloys and their melts of the same com-
position. The difference in the u between the melt at 1300 K and
the crystallized material at ambient temperature is about 3%,
which changes very weakly with composition.
NMR investigations on Zr–Co–Al glass
Different from the behavior of u, the local band state at Al sites
shows a clear correlation with the GFA. The isotropic Knight
shifts (Kiso) and the spin–lattice relaxation times (T1) observed
in NMR spectra (Fig. 2) display a maximum and minimum,
respectively, for the best glass former. Kiso of Al has been corre-
lated with the electronic structure and the bonding character in
MGs. The orbital contribution for an sp element like Al, which
only has s and p electronic orbitals, is usually small [33–35].
27
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FIGURE 1

GFA, density, molar volume, and packing fraction of Zr–Co–Al. (a) Critical diameter for glass-formation Dc and (b) supercooled regime DTx of Zr72–xCo28Alx
with 4 � x � 24. The critical diameters for the compositions with 14 and 16 at.% Al addition are from the work of Wada [43] and Yu et al. [44]. (c) Density q as
a function of the temperature for molten Zr72–xCo28Alx (x = 4, 8, 14, 16, 24). (d) Density q, (e) molar volume Vmol, and (f) effective volume packing fraction u of
Zr72–xCo28Alx, Zr56Co44�xAlx, and (Zr0.67Co0.33)28Alx melts (4 � x � 24) at 1300 K. The solid in (b) and the dash lines in (f) are guides for eyes. The solid lines in
(c), (d), and (e) are the linear fits to the experimental data.
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Hereby, 27Al NMR isotropic shifts can be simplified as

Kiso ¼ 16p
3 l2

B jw 0ð Þj2
D E

EF
gsðEFÞ, where lB is the Bohr magneton,

jw 0ð Þj2
D E

EF
the average probability density at the nucleus for elec-

tronic states on the Fermi surface, and gs(EF) the DOS of s elec-
trons at the Fermi level (EF). A notable reduction in the 27Al Kiso

with a small amount of Al addition (x < 8) in Zr72–xCo28Alx
(466–477 ppm) (see region a in Fig. 2) as compared with that of
pure metallic Al (�1630 ppm) [21,35] shows that the gs(EF) at Al
sites in Zr–Co–Al MGs is significantly reduced compared to pure
Al. This indicates that EF is located near a pseudogap-like mini-
mum of the Al s sub-band, suggesting a pronounced p–d orbital
hybridization of TM and Al [16,17]. Similar observations have
been reported in several TM-Al compounds [21,33–35].

From the previous investigation of Co–Al [17], or Zr-late TM
(Cu, Ni, Co)-Al MGs [21], EF is also located at the Co 3d and Zr
4d hybridized bonding region. Due to the much higher d-DOS
at EF of Co compared to that of Zr [19], the exchange core polar-
ization effect of the Co 3d orbital on Kiso is dominant [21]. There-
28
fore, similar to the studies of other weakly paramagnetic TM-
metalloid-based MGs [33,34], the observed 27Al NMR shifts in
Zr–Co–Al MGs are also contributed from the gd(EF) at the Co sites
via exchange core polarization. The slight shift of Kiso to a higher
position for Zr56Co28Al16 (see region b in Fig. 2) suggests a higher
overlap among Al 3p and Co 3d states in the energy space [21],
which indicates a high degree of the occupation of Co–Al hybri-
dized bonding states, i.e. covalent-like/directional bonding.

With further addition of Al from 16 to 24 at.%, the 27Al Kiso

decreases from 483 to 457 ppm at a magnetic field of 9.39 T, as
shown in Fig. 2 (region c). This phenomenon suggests the satu-
ration of covalent-like bonding of Al at the composition with
16 at.% Al addition. It is similar to the case of the reduction in
59Co Kiso upon the super-saturation of B in the Co-B solid solu-
tion at a composition of Co73B27 [32].

We also find that T1 is only about 19.8 ms in the Zr56Co28Al16
glass, which is much shorter than the values for Zr–Cu–Al [35] or
Zr–Cu–Ni–Al–Sn [20] MGs of approximately 100 ms. In these Zr-
based MGs [20,35], the 27Al T1 is related to the Korringa relax-
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FIGURE 2

NMR studies on amorphous Zr72–xCo28Alx ribbons with 4 � x � 24. Knight
shift (left axis) and spin–lattice relaxation time T1 (right axis) as a function of
the Al concentration. The inset shows 27Al NMR central line shapes of
powder spectra of Zr72–xCo28Alx MGs; an 27Al NMR spectrum of Al(NO3)3 is
shown as a reference of zero shift. All 27Al NMR spectra are normalized to
the maximum intensity and taken at H = 9.39 Tesla and T = 298 K. The solid
lines in the inset are fitted with a Gaussian distribution.
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ation that originates from the hyperfine interactions between the
conduction electrons and nuclear spins. Therefore, the fast spin–
lattice relaxation process for the best glass former suggests that
the GFA of Zr–Co–Al MGs is closely bound up with the orbital
hybridization effects.
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FIGURE 3

Ab initio molecular dynamics studies on the electronic structure of Zr72–xCo28Alx
The Bader net charge as a function of the Al concentration. (c) Two-dimension
density of the band B with isosurface levels of 0.037, 0.05, 0.07, and 0.15 e/Å3.
Ab initio molecular dynamics analysis
The ab initio calculated DOS of Zr56Co28Al16 MGs further con-
firms the results of NMR studies, exhibiting a significantly hybri-
dized band indicated by the overlap of the peaked Co 3d and Zr
4d resonances with the Al 3p band at �4 eV < E � EF < 1.35 eV, as
shown in Fig. 3a. More interestingly, we find a low lying plateau
in the broadened TM d sub-bands close to EF accompanied by the
localized s electrons around Al sites (a narrow 3s-Al band with
the energy interval from �7.5 to �5 eV, with a maximum at
�5.4 eV), corresponding to a Mott’s pseudogap as predicted by
Nagel et al. [22]. Our studies show that the hybridization causes
that EF lies at the pseudogap-like plateau of the total DOS, which
has been proposed to stabilize MGs [22].

Fig. 3b displays the average Bader net charge of each element
that represents the degree of covalent/ionized bonding [48]. As
shown in the inset of Fig. 3b, the Bader net charge of Co and
Zr fluctuates in the range from 1.4 to 1.6 and from �0.6 to
�0.8 e, respectively, indicating that a substantial amount of elec-
trons are transferred from Zr to Co. Such charge transfer as a
result of the orbital hybridization is in line with the relative elec-
tronegativity of these components, namely, the tendency of an
atom to attract electrons, which is 1.33, 1.88, and 1.61 for Zr,
Co, and Al, respectively [49]. With increasing Al concentration,
the Bader net charge of Co slightly increases accompanied by a
loss of charge for Zr, demonstrating an enhanced charge-
transfer process, while the role of the Al atoms changes from
the electron acceptors to the electrons donors. The Co–Al bond-
ing (Al donates electrons to Co) instead of the Zr–Al bonding
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(Al accepts electrons from Zr) becomes more pronounced upon
Al addition (Fig. 3b). When the concentration of Al reaches
16 at.%, the Bader net charge of Al is close to 0. This suggests that
the competition of the Co–Al and the Zr–Al bonding reaches a
balance at the composition of the best GFA.

According to the peak position of the 3d-DOS of Co in the
hybridized band, the partial DOS shown in Fig. 3a can be divided
into i (�8.2 eV < E � EF < �4 eV) and ii (�4 eV < E � EF < 1.35 eV)
bands. The selected slice of the electron-density distribution of
the hybridized ii bands is drawn in Fig. 3c. One can clearly see
that the charge density around Al atoms is significantly
depressed as a result of the reduction in the 3s-DOS of Al at the
EF due to the p–d orbital hybridization of Al with TMs. The
tunnel-like structure between Al and Co/Zr in the three-
dimensional isosurface shown in Fig. 3d with a low charge-
density level of about 0.037 e/Å3 further verifies the correspond-
ing charge redistribution and the covalent-like bonding. An
observable electronic transfer from Zr to Co is also indicated by
the tubes appearing between the charge isosurface of Co and Zr
within a charge density range from 0.05 to 0.07 e/Å3, as well as
the high electron-density around the Co atoms shown in the iso-
surface with a high-level charge density of 0.15 e/Å3.

In order to provide a vivid image of the chemical interaction
between the alloy components, the typical atomic configurations
of Co and Al atoms bonded within the first-coordination shell are
drawn in Fig. 4a for a melt at T = 1300 K. It can be seen that a con-
nective structure is formed due to directional bonds between Co–
Al atomic pairs. String-like atomic configurations are observed in
Fig. 4a. When x � 16, short chains are dominant. As seen in
(a)

(b) (c)

FIGURE 4

Atomic configurations of Zr72–xCo28Alx (4 � x � 24) at 1300 K. The dark and yello
bonded Co–Al atomic pairs. (b) Number of strings as a function of the number of
i.e. the AN of the longest string as a function of the Al concentration (left axis) an
Al concentration.

30
Fig. 4b, only Co–Al strings with the atomic number (AN) of 2
are found for the composition with 4 at.% Al. The number of
strings with AN = 2 at x = 4 is 6. It reaches a maximum value of
10 at x = 12 and then decreases. With increasing Al concentra-
tion, the AN of the longest strings and the total number of strings
(AN = 2–6) in each system rise simultaneously, as shown in Fig. 4b
and c. The maximum length of the strings and the number of
long fragments with AN = 4, 6 reach a maximum value at x = 16.

The partial coordination numbers zij derived by integrating
the radial distribution functions up to the first minimum are
listed in Table 1. The large coordination number ziZr that repre-
sents the number of Zr atoms surrounding an atom of type i
(i = Co, Al) demonstrates that both Al and Co prefer to be sur-
rounded by Zr as the nearest neighbors, avoiding nearest neigh-
bors of the same type. A similar lack of direct Al–Al contacts
(solute–solute avoidance) has also been observed in Zr–Cu–Al
[36]. The formation of Co–Al chains, thus, facilitates the con-
struction of a connective configuration via interlinking the
short-range Zr–Co and Zr–Al pairs, which may retard the crystal-
lization of Zr–Co–Al melts. Furthermore, the string-like clusters/
motion-paths impede atomic motion during glass transition via
cooperatively rearranging particles [50,51]. With further increase
in the Al concentration, short chains become dominant again.
For instance, at x = 24 the maximum of the distribution of AN
is found at AN = 3 with a maximum value of 10. As shown
before, also the GFA decreases for Al concentrations above
16 at.%. This manifests that the dependence of the GFA on the
Al concentration may result from the formation of the chain-
w balls in (a) represent Co and Al atoms, respectively. (a) Configurations of
atoms (AN) in the string. (c) Maximum AN of the strings (AN of String (Max.)),
d the shortening of the Co–Al bonds DdCo–Al (right axis) as a function of the
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TABLE 1

Number of nearest-neighbors zij and coordination numbers zi for different pairs of atoms in ternary Zr72–xCo28Alx (4 � x � 24) melts at 1300 K.

zij, zi zZrZr zZrCo zZrAl zCoZr zCoCo zCoAl zAlZr zAlCo zAlAl zZr zCo zAl

Zr68Co28Al4 9.55 3.59 0.53 8.72 1.89 0.41 9.03 2.85 0.31 13.67 11.02 12.18
Zr64Co28Al8 9.06 3.67 1.11 8.39 1.87 0.84 8.85 2.93 0.57 13.84 11.09 12.35
Zr60Co28Al12 8.40 3.71 1.71 7.96 1.80 1.19 8.53 2.77 0.91 13.82 10.94 12.21
Zr58Co28Al14 8.21 3.79 2.08 7.85 2.02 1.35 8.61 2.70 1.07 14.08 11.23 12.37
Zr56Co28Al16 7.93 3.78 2.42 7.56 1.91 1.72 8.47 3.01 1.04 14.13 11.19 12.53
Zr48Co28Al24 6.90 3.95 3.73 6.77 1.93 2.84 7.47 3.31 2.08 14.58 11.53 12.86
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like structure with hybridized bonding that is most pronounced
at the composition of the best GFA.
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Discussion
Chemical bonding as a result of hybridization is associated with a
significantly shortened distance of Co–Al atomic pairs, as shown
in Fig. 4c. The shortening of the bonds is expressed as Ddij(%) =
{(dii + djj)/2 � dij}/{(dii + djj)/2}. dijs are the nearest-neighbor dis-
tances of all i–j atomic pairs, which are determined from the first
peaks of the partial pair-correlation functions gij(r). The data are
listed in Table 2. For the best glass former, Zr56Co28Al16, Dds
amount to 10.18%, 7.74%, and 0.74% for Zr–Co, Co–Al, and
Zr–Al atomic pairs at 1300 K, respectively. DdZrCo, DdCoAl, and
DdZrAl almost increase monotonously with Al addition. It is
found that similar to other Al-containing melts [13,14], here at
least part of the interatomic distances are composition depen-
dent, i.e., depending on the degree of covalent bonding nature.
Therefore, the calculation of packing fractions (see in Fig. 1f) that
is based on a simple hard-sphere picture using constant atomic
radii [9] is actually unrealistic. Our results highlight that the real
MGs are not well described by such a simple hard-sphere
approach and that the characteristics of the atomic interactions
are of fundamental importance for understanding the mecha-
nisms of glass formation.

In fact, a covalent-like bond character has a large impact on
the topological arrangements of atoms in liquids/MGs [30,52].
In a simple metal system, e.g., the monoatomic melt of a pure
transition metal [53], the population of icosahedra/icosahedra-
like configurations with five-fold symmetry is pronounced. How-
ever, for metalloid-metal-based systems, such as Fe-(Si, P, C, B)
[12,30] and PdxNi80�xP20 [52], covalent bonds result in the for-
mation of prism-type motifs. Here, we show that for Zr–Co–Al
melts string-like configurations play an important role, where
the energetically favorable Co–Al bonds are formed. Such
chain-like motifs can be found in both glassy and liquid state,
which might be the reason for sluggish atomic dynamics of this
system [38].
TABLE 2

dij and Ddij (%) for different ij pairs of atoms in ternary Zr72–xCo28Alx (4 � x

dij (Å) dZrZr dZrCo dZrAl dCoCo

Zr68Co28Al4 3.16 2.58 2.91 2.55
Zr64Co28Al8 3.15 2.59 2.92 2.56
Zr60Co28Al12 3.19 2.58 2.94 2.57
Zr58Co28Al14 3.18 2.58 2.92 2.56
Zr56Co28Al16 3.18 2.58 2.93 2.57
Zr48Co28Al24 3.18 2.59 2.91 2.57
The improvement of the GFA by minor element addition is
often discussed in terms of an enhancement of the packing effi-
ciency or atomic size mismatch [9,10,54]. Nevertheless, the
atomic-level packing efficiency may be affected by the degree
of hybridization due to the composition-dependent shortening
of bonds, particularly for those MGs containing metalloid-like
elements, e.g., Zr–Cu–Al [13,29], Al–Ni–Nd [14], and the present
studied Zr–Co–Al. Besides, the change of atomic packing intro-
duced upon alloying a small portion of atoms is not so remark-
able if only the atomic size difference is considered. In
contrast, the local electronic/band state and the correlated
atomic configurations are more sensitive to the small change of
alloy compositions [13,52,55]. Moreover, other properties related
to the GFA, such as melt dynamics, are prone to be influenced by
bonding nature [37,38]. Therefore, hybridization is likely the ori-
gin of microalloying effects.

The correlation between the electronic state and the glass for-
mation in MGs has already drawn attention since 1975 [22],
even though convincing experimental proofs are rare [26,28].
With the advances in the computer simulation, its manifesta-
tions have been revealed in more and more details for an increas-
ing number of MGs. Particularly, the occurrence of bond
shortening [13,14] and the specific structural motifs [12,30,52]
in glass-forming alloy systems are shown to have clear electronic
origins. For example, the shrinkage of the bond length between
Cu–Al atomic pairs due to the coupling between the broad con-
duction band of Al and the narrow low-lying d band of late tran-
sition metals has been found in Zr46Cu47Al7 MG [13]. Some
simulations suggest that Mott’s pseudogap may have a direct cor-
relation with the GFA of MGs. For instances, in typical
transition-metal-Al-based Al86Ni14�xLax (x = 3, 5, 9) MGs, ab initio
calculations show a local minimum of the electronic DOS nearby
EF at the best glass-forming composition [25]. A similar pseudo-
gap in the profile of TM-d has also been observed in the simula-
tions of transition-metal-non-metal-based MGs, such as Pd–Ni–P
[52], Fe–B [56], and Fe–P–C [57]. Moreover, similar to the
saturation of covalent bonds found at the best glass-forming
� 24) melts at 1300 K.

dCoAl dAlAl DdZrCo DdZrAl DdCoAl

2.47 2.64 9.54 �0.50 4.92
2.47 2.67 9.51 �0.30 5.65
2.48 2.70 10.33 0.27 5.87
2.45 2.71 10.15 0.91 7.01
2.44 2.72 10.18 0.74 7.74
2.45 2.70 10.12 1.11 7.08
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composition of Zr–Co–Al, a covalence-dominated bonding
behavior occurs in Pd40Ni40P20 (one of the best-known glass
formers up to now [58]) as demonstrated by the maximum value
for the electron localization function between Ni and P [52].
These phenomena are consistent with our observations from
NMR experiments, implying a significant impact of hybridiza-
tion on the formation of MGs.

As proposed in the work of Mayou et al. [17], the strong
hybridization is the underlying reason that causes EF to lie at a
pseudogap at the top of the d band, which leads to the maximum
stability and/or the lowest electron energy of systems under the
nearly-free-electron framework [22–25]. In other words, the best
GFA or the most stable state of the supercooled liquid/glass can
be achieved at the composition with the highest degree of
hybridization or upon saturation of covalent bonds. Moreover,
just like in the case of Zr–Co–Al, hybridization also results in
the chemical/directional bonding. It may promote the formation
of the energetically favorable chain-like motifs, which leads to
the slowing down of liquid dynamics, particularly on approach-
ing the glass transition [50]. This may also prevent the crystalliza-
tion of the melt via the sluggish crystal-growth kinetics based on
the diffusion-controlled mechanism at the deep undercooling
[59]. In that way, the degree of hybridization, as characterized
by, e.g. charge transfer, electronic localization [52], bond short-
ening [13], magnetic susceptibility [21,28], and NMR Kiso or T1

[20,21,35], can be an important parameter for determining the
formation of MGs.

Different empirical rules for predicting the GFA of MGs were
established over the past decades [4,54,60–62]. Numerous GFA
criteria have been proposed in terms of parameters based on their
thermodynamic or kinetical properties (Tg, Tx, the liquidus tem-
perature (Tl), the mixing enthalpy/entropy (DHmix, DSmix), the
configurational entropy (DSconfig), viscosity (g), etc.), such as
Trg = Tg/Tl, c = Tx/(Tg + Tl), cm = (2Tx � Tg)/Tl, cc = (3Tx � 2Tg)/Tl,
d = Tx/(Tl � Tg), u = Trg(DTx/Tg)

0.143, b = TxTg/(Tl � Tx)
2, b’ = Tx/

Tg + Tg/Tl, a = Tx/Tl, f = Tg/Tl + DTx/Tx, x = Tg/Tx � 2Tg/(Tg + Tl),
x2 = Tg/(2Tx � Tg) � Tg/Tl, e = �DSmix/DHmix, and the fragility of
relaxing liquids (m or D) [4,54,60–62]. For the alloy series studied
here, a correlation between the GFA and commonly used criteria
like Trg [63] or c [64] is not so obvious [43,44] (see Supplemental
Table S1). Nevertheless, the composition dependence of the GFA
agrees well with the parameter DTx and the degree of hybridiza-
tion. The alloy with the best GFA (with 16 at.% Al addition) exhi-
bits the widest DTx and saturation of covalent bonds. This can be
consistently understood by the fact that hybridization stabilizes
the undercooled liquid or the glass against crystallization via
affecting both the stability [22] and the mass transport [38] on
atomic and/or microscopic time and length scale. Although such
impact cannot be quantified here, combining the different
aspects of glass formation, including packing and bonding
hybridization, will allow for a better understanding of the under-
lying mechanisms of glass formation on a microscopic level.

In many alloy systems, the hybridization effect may be impor-
tant and should be taken into account. For instance, for most of
the currently reported bulk MG systems those contain non-
metals, metalloids/metalloid-like elements or post-transition
metals (P, C, B, Al, Sn, Si, Ga, etc.) [54,60–62], the hybridization
effect may have a decisive influence [13,22–27,35,52]. Moreover,
32
even in these systems where the hybridization/chemical effect is
of lesser significance, such as the alloy systems consisting solely
of early and/or late TMs with similar chemical properties, the
evolution of bonding states as indicated by the degree of
hybridization also needs to be considered [22,28]. For example,
in a simple binary MG system likeZr–Cu, the change in magnetic
susceptibility upon crystallization has been reported that closely
relates to its GFA [28], although other atomic-scale properties or
mechanisms, such as the local packing efficiency, may have an
important contribution on the GFA of this system as well [6,7].
Nevertheless, due to the reason that the pseudogap hypothesis
for describing the degree of hybridization starts from a nearly-
free-electron model [17,22], the hybridization effect, in theory,
isn’t able to be used in those systems with extremely localized
bonding states like wide-gap oxide glasses [65] or in hard-
sphere systems without consideration of electronic interactions
like the uncharged colloid system [66].

Bonding direction and flexibility are also known to play a key
role in determining the mechanical properties of crystalline and
amorphous alloys [19–21,67–70]. Owing to the hybridized bond-
ing nature, even a small amount of additional elements has a
large impact [20,69,70]. It induces the ductile-to-brittle transition
in MGs via the shift of s-DOS far away from EF, which leads to a
catastrophic brittle fracture of the material for lack of the bond
flexibility/mobility [20,70]. On the other hand, the strongly
bonded clusters promote the generation of free volume between
clusters [29] and cause hardening of the alloys [69], which
improves both plasticity and toughness of the MGs. Here, we
propose that such nanoscale structural heterogeneity together
with high free volume [29,71] induced by the hybridized bonds
of Al and TMs [20,21] might be the underlying mechanism for
the enhanced plasticity/ductility (Poisson ratio) of Al-
containing MGs [19,20,40,41].

As demonstrated here for the example of the Zr–Co–Al alloys,
an analysis of the bonding characteristics provides a novel
approach to design MGs with excellent performance. Similar to
the role of Si–O covalent bonds in oxide glasses like the glassy sil-
icate, the hybridized bonds between dissimilar metal elements or
metals and nonmetals/metalloids, e.g. Co–Al [17], Pd–P [27], and
Ca–Al [33] bonds, are the physical origin of strong atomic inter-
actions. It stabilizes the MGs by inducing a pseudogap-like min-
imum of the DOS lies around EF on account of the orbital
hybridization [17]. Furthermore, the formation of loosely packed
configurations based on a bonded network structure can solve
the conflicts between the high GFA and the large plasticity in a
number of MGs. In the framework of a simple hard-sphere
model, a dense-packing state favors a high GFA [1,3–9], while a
large plasticity demands more free volume (less dense packing)
[29,71]. Besides, some other physical properties, such as conduc-
tivity and Hall coefficient of disordered systems, are also likely to
be affected by the hybridization state [16,17]. The functionalities
of potential amorphous semiconductors can be modulated by
controlling the degree of hybridization through doping non-
metallic/metalloid elements into amorphous metals [72].

In conclusion, a strong p–d hybridization between metalloid-
like Al p and Co d orbits in the Zr–Co–Al system is observed by
NMR experiments. Such bonding leads to a redistribution of
the Bader charge and to shortened interatomic distances as
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shown in ab initio simulations. It stabilizes MGs by a decrease in
the DOS at EF and fosters the formation of string-like aggregates.
This structural heterogeneity in the form of the directional bond-
ing and atomic-scale chains might also contribute to the large
plasticity of Al-containing MGs. Our studies highlight that the
bonding characteristics can be used as a key parameter to evalu-
ate and even to modulate the properties of less-ordered systems,
such as MGs. This might help us to better understand the atomis-
tic or electronic origin of glass transition and deformation mech-
anisms in glass-forming alloys.

Material and methods
Sample preparation
Zr72–xCo28Alx (x = 4, 8, 14, 16, 24 at.%) and Zr56Co44�xAlx (x = 4,
8 at.%) alloys for density measurement were prepared by arc
melting of Zr (99.97 at.%, smart-elements), Co (99.998 at.%, Alfa
Aesar), and Al (99.9999 at.%, Hydro Aluminum) in a Ti-gettered
high-purity argon atmosphere (99.9999 at.%). Ribbons for NMR
measurements with the thickness of �30 lm were produced via
the single roller melt spinning method. The amorphous nature
of the ribbons was identified using X-ray diffraction with Cu-
Ka radiation.

Measurement of thermodynamic parameters
The parameters, such as Tg and Tx, were measured on amorphous
ribbons and alloy ingots using differential scanning calorimetry
(DSC, NETZSCH 404 F3) under a flow of high-purity argon
(99.999 at.%) with a heating rate of 20 K/min.

Density measurements
The densities q of the highly reactive Zr–Co–Al melts were mea-
sured utilizing electrostatic levitation combined with a high-
speed video diagnostic technique [42,45] over a wide tempera-
ture interval from 1025 to 1520 K. The projected area of the
back-lighted sample was derived according to the average edge

curve < RðuÞ >¼ P6
i¼1

aiPiðcosðuÞÞ, where
P6
i¼1

aiPiðcosðuÞÞ is a sum

of Legendre polynome up to the 6th order obtained by fitting
the edge of the sample shadow, Pi the ith Legendre polynomial,
ai the prefactor for the ith Legendre polynomial, and u the polar
angle. Then, the sample volume V is calculated by using

V ¼ 2
3 p

R
< RðuÞ>3sinudu, assuming rotation symmetry around

the droplet normal to the projection direction. The density is
then calculated from the volume and the mass of the sample.
The temperature of the levitated sample was measured contact-
lessly using a single-color pyrometer that has been calibrated at
the liquidus temperature Tl (as determined by DSC during melt-
ing), assuming a temperature independent emissivity. The uncer-
tainty of the temperature measurement is of about ±10 K [15]. A
maximum undercooling of 225 K was achieved during the den-
sity measurements on the Zr–Co–Al system. The density of crys-
tallized Zr–Co–Al alloys at ambient temperature was measured by
the Archimedean method with an accuracy of ±0.1%.

NMR measurements on Kiso and T1
The 27Al NMR measurements on amorphous ribbons of
Zr72–xCo28Alx (4 � x � 24) were conducted at a magnetic field of
9.39 T. The 27Al NMR free induction decay signal was recorded
using a two-pulse Hahn echo sequence, 90� � s � 180�. The first
pulse duration was kept as short as 6 ms to avoid a distortion of
the central line transition. The signal was averaged within a recy-
cle delay of 200 ms. The 27Al Kiso is determined by the position of
the intensity maxima or centroids of the Gauss-like central lines
for the MGs [20] (the inset in Fig. 2). The T1 was measured using
the saturation recovery method with the same selective excita-
tion as that of the spectra of 27Al [31].

Ab initio molecular dynamics simulations
Ab initio molecular dynamics simulations of the Zr72–xCo28Alx
(4 � x � 24) system were implemented in the Vienna ab initio
simulation package using the projector augmented-wave method
within the density-functional theory [73]. Canonical NVT (con-
stant number, volume, temperature) ensembles containing 200
atoms in a cubic box with periodic boundary conditions were
used. The initial atomic positions were generated randomly to
maximize the Zr, Co, and Al mixing. The temperature was con-
trolled with a Nose–Hoover thermostat. The liquid was equili-
brated at 1725 K for 2000 time steps (3 fs per step) and then
cooled down to 1300 and 300 K at a constant cooling rate of
0.24 K per step. The atomic configuration of the liquid at 1300
and 300 K was further relaxed isothermally for 5,000 time steps
in order to analyze their structural properties statistically. The
electronic structure and the charge transfer were determined
using self-consistent charge densities with a 3 � 3 � 3 k-point
mesh for improving accuracy.
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