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The pressure-induced structural transformation in metallic glass (MG) is a challenging and important subject in con-
densed matter physics. In the present first-principles molecular dynamics study, the atomic packing of Lay5Al,5 MG under
pressure was investigated, and the structure was predicted to crystallize at 92 GPa. It is found that the distributions of
La and Al atoms are not homogeneous, as often assumed. In particular, Al atoms form aggregates in the glass structure,
exhibiting strong covalent characteristics of the Al-Al bonds. The pressure-induced crystallization is not only caused by
the dominant packing of the larger La atoms but is also facilitated by the presence of these rigid Al clusters.
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1. Introduction

The structure—property relationship of metallic glasses
(MGs) has been one of the most difficult problems in con-
densed matter science. Pressure can change the interac-
tions between atoms and consequently alter the atomic pack-
ing and the properties of the material. It can therefore
serve as a useful tool to further understand the underly-
ing physics of MGs. Pressure-induced polymorphisms have
been mainly found in oxide and sulfide glasses such as sil-
ica and ice.l'! Unlike these non-metallic glasses, which
have covalent-bonded network structures and whose pressure-
induced polymorphisms arise from the densification of the net-
work structures and abrupt increases in atomic coordination,
the structures of MGs, which are usually composed of metal
atoms, were believed to be close-packed with non-directional
metallic bonds and thus not likely to achieve further close
packing upon compression.®°! However, several experimen-
tal works have shown pressure-induced polymorphisms in
lanthanide-based MGs, and these polymorphisms are mainly
caused by the delocalization of 4f orbitals in lanthanide el-
ements at high pressure.!'%!!l For instance, Sheng et al.!'!
showed a pressure-induced low-density to high-density poly-
morphic transition in CessAlys MG. From the synchrotron ra-
diation x-ray Raman scattering (XRS) results of Zeng et al.!'’]
on CejsAlys MG, the pressure-induced polymorphism was
proven to be related to 4f-orbital delocalization at 1.5-5 GPa.
In our previous work, pressure-induced polymorphism was

observed in main-group Ca—Al MG, and the polymorphism
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was suggested to originate from orbital hybridization between
Ca 3d and Al 3p orbitals.!"*] Very recently, a polymorphic
transition was observed in a transition-metal-based MG under
high pressure and was attributed to changes in bonding char-
acteristics upon compression. Besides pressure-induced poly-
morphic transitions in MGs, pressure-induced amorphous-to-
crystalline transitions observed in Ce—Al metallic glasses pro-
vide another perspective for understanding the microstructure

151 Zeng et al.'®! suggested

evolution of MGs under pressure.
that 4f-orbital delocalization eliminates the mismatch between
the sizes of Ce and Al atoms and results in crystallization in
Ce75Al,5 MG, where the atomic sizes were determined from
the close interatomic distances in the pair-correlation func-
tions. On the other hand, our previous calculations suggested
that crystallization is due to the dominant packing of the much
larger Ce atoms, where the atomic sizes were defined as the
volumes enclosed by zero-flux charge surfaces calculated from
Bader analysis.[!”) However, several critical problems remain
to be solved. For instance, how can the major Ce atoms, with
much larger atomic volumes, exhibit interatomic distances
similar to those of Al atoms? How do the larger mismatch in
atomic volume and the similar interatomic distances together
contribute to crystallization?

In Ce—Al MGs, the contribution of 4f orbitals to crystal-
lization remains under debate. Unfortunately, standard den-
sity functional theory (DFT) is not able to precisely describe
localized 4f orbitals. The more sophisticated Hubbard + U
method with a constant U value at different pressures is also
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inappropriate, since the degree of orbital localization changes
under pressure. La atoms have a similar electronic configura-
tion to Ce atoms, except for the absence of a 4f electron. In
this case, La;sAl,s MG is an ideal system to study the atomic
packing evolution from 0 GPa to high pressure and the pos-
sibility of pressure-induced crystallization, similar to that in
Ce75Alp5 MG. Sheng et al. [18] showed tunable atomic packing
in Lay5Al;s MG under pressure up to 40 GPa, which is very
close to the crystallization pressure of Ce75Alys MG (38 GPa)
reported in previous theoretical studies. Considering the larger
bulk modulus of La (28 GPa) compared to Ce (22 GPa), the
structure of La;sAl,s MG over a wider pressure range should
be investigated. In the present study, pressure-induced crys-
tallization in La;sAl,5 MG is predicted to occur at 92 GPa,
much higher than that of Ce;5Al,s MG. The atomic cluster
alignment analysis shows that the icosahedral short-range or-
der (SRO) initially increases with pressure, indicating an in-
creased degree of disorder. However, the icosahedral SRO
starts to decay above 52 GPa, accompanied by an increase in
face-centered cubic (fcc) SRO, which indicates a higher degree
of structural order. These results not only reveal the mecha-
nism of pressure-induced crystallization in these binary MGs
but also provide further insight into the microstructure evolu-
tion upon compression.

2. Methods

First-principles molecular dynamics (FPMD) and elec-
tronic structure calculations were performed using the Vi-

enna ab initio simulation package (VASP) based on density

19.20] The effects of core electrons were de-

21]

functional theory.!
scribed by the projector augmented wave (PAW) method.!
The valence electronic configurations of 5s>5p®5d!6s® and
3s23p! were used for La and Al, respectively. The Perdew—
Burke-Ernzerhof (PBE) exchange—correlation functional was

employed.??!

The wave functions were represented by a
plane-wave basis set with an energy cutoff of 400 eV. The
FPMD calculations were performed in the canonical ensem-
ble (NVT),23-23] and the Nosé—Hoover thermostat was used
to control the temperature.>*! A single I" point was used for
Brillouin-zone sampling. To simulate the glass structure at
ambient conditions, the La—Al supercell containing 108 atoms
(81 La atoms and 27 Al atoms) was initially melted by heat-
ing to 2000 K, and the MD run lasted for at least 20 ps. The
molten structure was then cooled stepwise to 300 K, with a
cooling rate of ~ 1.0 x 10'* K/s. The La—Al glass structure at
ambient conditions was obtained from an additional MD run
at 300 K for at least 18 ps. High-pressure structures were ob-
tained by isotropically reducing the supercell size step by step.
At each pressure point, an MD run at 300 K was performed for
at least 18 ps.

3. Results

In our previous first-principles calculations on CeysAlys
MG, the employed procedure for generating glass struc-
tures under pressure was proven to reproduce the pressure-
induced crystallization observed experimentally.!!”! In the
present work, in order to verify the validity of the theoreti-
cal method, the calculated structure factor and density at am-
bient pressure were compared with experimental results.!'8]
As shown in Fig. 1, the calculated structure factor is in good
agreement with the experiment. Furthermore, the calculated
density of 0.027 A= also agrees well with the experimen-
tal value.'8 This agreement indicates that the La7sAlys MG
structures at ambient conditions and under compression are
reasonable. The first main peak of the structure factor at 0 GPa
is located at ~ 2.2 A~!, which is a general characteristic of
MGs. Due to densification under compression, the first main
peak shifts towards higher g with increasing pressure. In the
previous study by Sheng et al.,!'®! a shoulder developed on the
higher-¢q side of the second peak with increasing pressure up
to 40.2 GPa. The splitting of the second peak was attributed
to the enhancement of icosahedral SRO. A similar develop-
ment of the shoulder on the second peak is also observed in
the present study. The intensity of the shoulder continuously
increases up to 52 GPa (Fig. 1). Interestingly, the shoulder of
the second peak begins to decrease when the pressure exceeds
52 GPa. In fact, the decay of the icosahedral SRO is expected,
because icosahedral SRO lacks translational order and cannot
fill space completely. At very high pressure (above 52 GPa in
this case), the “glue” atoms located at interstitial sites between
icosahedral clusters begin to interact more strongly with their
neighbors, leading to deformation of the icosahedral clusters.
Moreover, a shoulder on the lower-q side of the second peak
develops at 92 GPa, indicating the emergence of a new short-
range order distinct from icosahedral SRO. Upon annealing
the structure at 800 K, the La;5Al,5 MG transforms into a
crystalline phase, similar to the behavior of Ce;sAlys MG at
38 GPa reported in the previous study.!!”)

The atomic cluster alignment (ACA) method was used to
characterize the SRO.[2027] 1n this method, clusters with near-
est neighbors extracted from MD trajectories are aligned so
that the SRO can be examined visually. This approach is more
direct and intuitive compared with conventional structure char-
acterization methods, such as cluster tessellation, which rely
on the choice of a cutoff radius. The SROs obtained from ACA
analysis of LaysAlys MG at selected pressures are shown in
Fig. 2. Clearly, markedly different pressure-dependent SROs
can be identified from both aligned clusters and their relative
“energies”. At 0 GPa, the aligned clusters show no clear SRO,
indicating a highly disordered structure. With increasing pres-
sure up to 52 GPa, the characteristics of icosahedral SRO be-
come more pronounced. At 52 GPa, the relative “energy” of
the icosahedral SRO is significantly lower than that of other
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configurations, and the aligned clusters exhibit a clear icosa-
hedral pattern. Consistent with the structure-factor results, the
icosahedral SRO begins to deform above 52 GPa. At 68 GPa,
although the fcc template has the lowest “energy”,
annealing at 800 K does not lead to crystallization. When
the pressure is further increased to 92 GPa, the fcc SRO be-
comes more dominant, with a lower “energy”. Consequently,

thermal

the glass structure transforms into a crystal upon thermal an-
nealing at 800 K.
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Fig. 1. (a) Comparison of the structure factors between theory and experi-
ment for La;sAlys MG at ambient conditions and selected high pressures.
(b) Pressure-dependent structure factors of LaysAl,s MG in the present
study.
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Fig. 2. Atomic cluster alignment analysis at selected pressures.

4. Discussion

To further investigate the pressure-induced structural evo-
lution, the atomic pair-correlation function (PCF) analysis was

performed, as shown in Fig. 3. The PCF of La-La exhibits a
broad first peak at 0 GPa, consistent with the highly disordered
structure at ambient pressure as discussed above. However, the
first peak becomes significantly narrower at high pressure and
approaches that of La—Al. The Al atoms are found to form
aggregates in which the nearest Al-Al distance hardly short-
ens at high pressure. The bond distances obtained from the
PCFs are often considered as a measure of atomic size and
are consequently used to describe their contribution to struc-
tural changes. However, it is well accepted that the volume
of a system is not linearly proportional to the cube of the
nearest-neighbor distance in MGs. For instance, the bond-
length ratio ri,/ra; was found to decrease with increasing
pressure in La;sAl,s MG, whereas the charge distribution of
crystalline Las Al clearly shows that the size ratio Vi, /Va) in-
creases with pressure (Fig. 4(a)). A similar discrepancy was
also found in Ce;5Al;5s MG under pressure. Bader analysis,
which defines atomic volumes based on zero-flux surfaces of
the charge distribution, provides a more reliable description of
atomic volume. Changes in Bader atomic charge and volume
with pressure are shown in Fig. 4. The atomic volume fluc-
tuation is quite large at 0 GPa, indicating that the structure is
highly disordered. At high pressures, the SRO becomes more
pronounced, and the fluctuation of atomic volumes becomes
much smaller.
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Fig. 3. Pair correlation functions of Lazs5Alps MG at selected pressures.

From the averaged Bader atomic volume and atomic
charge, as shown in Figs. 4(d) and 4(e), each Al atom in
the glass structure gains an average of 1.02 e from La atoms at
0 GPa. This is 0.2 e less than that in crystalline LazAl and is
likely due to the aggregation of Al atoms in the glass structure.
Compared with Ce75Al5 MG, the charge transfer between La
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and Al atoms in Lajs5Alys MG is larger due to the greater
electronegativity difference between them. On the other hand,
charge transfer reduces the atomic volume difference between
La and Al at 0 GPa, resulting in a small volume ratio (Vi.,/Va1)
of 1.12. As pressure increases, the electronegativity difference
is reduced, and Al atoms back-donate electrons to La atoms.
The volume ratio Vi,/Va; continuously increases with pres-
sure and reaches as high as 1.77 at 92 GPa, which is much
larger than the Ve /Va; value of 1.40 at 38 GPa when crystal-
lization occurs. To explain the discrepancy between the large
volume ratio and the short interatomic distances, the charge
distribution and the electron localization function (ELF) of a
selected layer in the crystallized La;sAlys structure are shown
in Fig. 5. The volume plot shows that the average atomic vol-
ume of La is much larger than that of Al. However, no lattice
site is occupied by multiple Al atoms, i.e., each Al atom occu-
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pies a distinct crystalline site despite its much smaller atomic
volume. The electrons in the interstitial regions among La
atoms behave like an electron gas, which is consistent with
the low bulk modulus of pure La. Furthermore, locally, La
atoms are close-packed, as reflected by the hexagonal charge
distribution around La atoms. At higher pressure, the majority
La atoms would form a close-packed crystal in the absence
of Al atoms. At first glance, the atomic packing of the ma-
jority La atoms in Lajs5Alys MG appears to be a dominant
driving force for crystallization. However, careful analysis of
the glass structure reveals an unexpected feature: Al atoms
in the aggregates are connected by localized electrons. These
enhanced interactions result from the acceptance of itinerant
electrons by Al 3p orbitals, leading to the strengthening of Al—
Al covalent bonds. Such charge transfer has previously been
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Fig. 4. (a) and (b) Charge distribution of crystalline LazAl. (c)—(f) Bader volume and charge analysis.
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shown to cause hardening in Li—Al alloys, where Li donates
valence electrons to Al and strengthens Al-Al bonds. 8 This
electron transfer can be rationalized by the significant differ-
ence in electronegativity between Al (1.61) and Li (0.98). In
the present case, the electronegativity of La (1.1) is close to
that of Li. In comparison, electron localization is much weaker
between La and Al atoms. The large difference between La—Al
and Al-Al interactions explains why the Bader atomic volume
fluctuation of Al atoms is much larger than that of La atoms,
even at 92 GPa. The presence of Al aggregates plays a vi-
tal role in promoting crystallization. To examine the detailed
structural evolution during crystallization, a selected Al ag-
gregate and its local structure are shown in Fig. 6. At 52 GPa,
Al atoms are dispersed in the glass structure, which frustrates
crystallization. When the pressure increases to 92 GPa, these
Al atoms aggregate, with 1, 2, 4, and 5 Al atoms forming a pla-
nar structure that serves as a precursor to match the crystalline
plane. After annealing at 800 K, the Al aggregate becomes
more compact and matches well with La atoms to form a crys-
talline structure.

Fig. 5. (a) Charge distribution. (b) ELF of annealed La;sAlys at 92 GPa
(ELF range: 0-0.8). (c) The crystalline structure of La;5Al,5 at 92 GPa.

(a) (b) (c)
(4
> 9° ‘86—6 Aﬁ

Fig. 6. Al aggregates and their local structures at selected conditions.
(a) 52 GPa; (b) 92 GPa before annealing; (c) 92 GPa after annealing. The
green and red spheres represent La and Al atoms, respectively.

5. Conclusion

In summary, first-principles MD calculations have been
performed to investigate the evolution of atomic packing under
pressure and to predict crystallization in La;sAl,s MG. The
incipient pressure-enhanced icosahedral SRO is reproduced,
consistent with previous studies. Interestingly, the icosahe-
dral SRO begins to decay when the pressure further increases
above 52 GPa. When the pressure increases to 92 GPa, the
atomic volume of La atoms becomes much larger than that of
Al atoms. The dominant packing of larger La atoms, together

with the role played by relatively rigid Al-Al bonds in Al ag-
gregates, results in crystallization. The discrepancy between
the large difference in atomic volume and the similar inter-
atomic distances is thus resolved. Localized electrons between
Al atoms maintain the Al-Al interatomic distances, compen-
sating for the large volumetric mismatch with La atoms.

The theoretical analysis presented here offers new in-
sights and a new paradigm for elucidating the behavior of MGs
under compression.
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