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Ab initio molecular dynamics study on the local structures
in Ce;Al;z and La;oAl;) metallic glasses”
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Ab initio molecular dynamics simulations were performed to investigate the effect of similar elements on the short-
to medium-range atomic packing features in Ce;gAlzpand LajgAlzpglass-forming alloys. 4f electrons of Ce element in
Ce79Alzg alloy were properly treated in electronic calculations. The local atomic structures in both alloys are qualitatively
similar. However, the local environments of Al atoms in Ce;gAlzq alloy show fluctuation with temperature in the cooling
process, which could result from 4f electrons of Ce elements. Surprisingly, the medium-range atomic packing features
of Al atoms in both MGs are quite different, although Ce and La elements are similar. These findings are useful for
understanding the enhanced glass-forming ability by similar element substitution in RE-based MGs from a medium-range

structure perspective.
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1. Introduction

Recently, rare earth (RE)-based metallic glasses (MGs)
have attracted strong interest, because of their valuable sci-
entific problems and technological applications, such as su-
perplasticity, thermoplasticity, high glass-forming ability, and
ductility.['=®! Tt has been found that Ce-based bulk metallic
glasses (BMGs) have exceptionally low glass transition tem-
perature, similar to or lower than that of many polymers,
which makes Ce-based BMGs show excellent thermoplastic
molding and imprinting ability.!?! This demonstrates that Ce-
based BMGs exhibit a superior glass-forming ability (GFA)
and high resistance to crystallization over a wide temperature
range.?! In addition, the polymorphic transitions and anoma-
lous compression behavior induced by pressure were also ob-
served in Ce-based BMGs, indicative of the importance of 4f
electrons in the Ce element.[’°! On the other hand, the GFA
of La-based alloys can be improved by substituting other lan-
thanide elements such as Ce.[?! The similar element substitu-
tion enhanced GFA in RE-based MGs cannot be understood by
conventional criteria such as large atomic size mismatch.!*!
This implies that the lanthanide elements with similar atomic
sizes and various valence electronic structure may have a sig-
nificant impact on improving GFA in RE-based glass-forming
alloys. Ab initio molecular dynamics simulations were per-
formed, which showed that more icosahedral-like clusters and
less free volume could be the structural origin of the higher
GFA induced by partial substitution of Ce for La in LaCoAl
bulk MG.["! So far, however, the atomic structure features in
Ce- and La-based MGs were not fully characterized. How the
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4f electrons in the Ce element affect atomic structures has not
been addressed yet. It is not clear, either, whether the medium-
range atomic packing is also similar in the similar element sub-
stitution of Ce and La in RE-based MGs, and whether there
is any correlation between medium-range atomic packing and
GFA.

In this work, we performed ab initio molecular dynam-
ics (MD) simulations to systematically investigate the short-
and medium-range structures in Ce7gAlzp metallic liquids and
glasses. Here binary alloy with Ce rich was chosen for sim-
plicity in both simulations and structural analysis. In our sim-
ulations, 4f electrons in the Ce element at ambient pressures
were modeled by adopting LDA+U calculations. Meanwhile,
we also performed ab initio MD simulations for LajgAlsg
metallic liquids and glasses in which La has similar valence
and ionic radii but without 4f electron. Therefore, the struc-
ture features in both Ce7gAl3p and LajgAlzg glass-forming al-
loys can be fully characterized for understanding the effect of
similar elements on short- to medium-range atomic structures
and thereby GFA.

2. Computational details

Ab initio MD simulations in the canonical NVT (con-
stant atom number, volume, and temperature) ensemble were
performed using the Vienna ab initio simulation package
(VASP).[?! Projected augmented plane waves (PAW) with the
PBE exchange-correlation potential!'3! were adopted to de-

scribe electron—ion interaction. The simulations were per-
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formed only at the I" point. Cubic supercells containing 200
atoms for CeyoAl3g and LajpAlzg systems were initially con-
structed with periodic boundary conditions applied in three di-
rections. A stepwise quenching process with a cooling rate
of 5 x 103 K/s was adopted to obtain the liquid and glass
structures at various temperatures. They were first melted and
equilibrated at 1500 K for 2000 MD steps with a time step
of 5 fs, and then sequentially equilibrated for 10 ps at each
temperature. Before isothermal annealing at each temperature
of interest, the supercell volumes were adjusted to give zero
pressure. After that, they were further relaxed isothermally for
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10000 time steps for the atomic structure analysis. To correctly
describe the f-electron of the Ce element in Ce;9Alsg alloy,
Dudarev’s approach based on the LDA+U theme was adopted
with the Hubbard U parameter set to be 5.6 eV,!!*! which has
been applied to explore polyamorphism in Ce-based MGs. "]

3. Results and discussion
3.1. Pair correlation function analysis

Figure 1 shows the temperature evolution of total and
partial pair correlation functions (PCFs) in Cej9Alzy and
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Fig. 1. (color online) Total and partial PCFs in (a)—(d) Ce79Alzg and (e)—(h) LajpAlsp glass-forming alloys at various temperatures in the cooling process,

respectively.
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Laj0Alzp metallic glass-forming alloys in the quenching pro-
cess, respectively. As temperature decreases, the height of the
first peak in total PCFs increases, but the peak position does
not change much, as shown in Figs. 1(a) and 1(e). This indi-
cates an increasing degree of short-range order in both glass-
forming alloys during cooling. For the second peak, the mag-
nitude also increases slightly. However, it does not show the
splitting as observed in CuZr metallic alloy system with de-
creasing temperature. !5 In addition, a small pre-peak around
2.8 A in total PCFs is emerging with decreasing tempera-
ture, which corresponds to the Al-Al pair and indicates that
the short-range order around Al atoms becomes stronger as
temperature decreases. As shown in Figs. 1(b) and 1(f), Ce—
Ce and La—-La partial PCFs are similar to the respective total
PCFs. For Ce—Al and La—Al PCFs, however, the first peak be-
comes much narrower and sharper, as temperature decreases.
Moreover, the second peak is getting wider and exhibits split-
ting at low temperatures. In Al-Al PCFs in both glass-forming
alloys, the first peak is located around 2.8 A, corresponding to
the pre-peak in total PCFs shown in Figs. 1(a) and 1(e), re-
spectively. The splitting of the second peak is also observed
and becomes more obvious in Al-Al PCFs. Furthermore,
more peaks beyond the second peak are developed in both
MGs at 300 K. This indicates that significant medium-range
order between Al atoms is developed in the cooling process.
It can be seen from Figs. 1(d) and 1(h) that Al-Al PCFs in
both glass-forming alloys show similar peaks. However, the
peak positions are slightly different, which could imply that
the medium-range atomic packing of Al atoms in two MGs is
different. This will be further characterized and analyzed in
Section 3.3.

3.2. Voronoi tessellation analysis

To investigate the local atomic structures beyond the
PCFs in both CejgAlzy and LajpAlzg systems, the Voronoi

tessellation method was employed, which divides space into
close-packed polyhedra around atoms by construction of bi-
secting planes along the lines joining the central atom and all

[16-18] Each Voronoi polyhedron can be identi-

its neighbors.
fied with the Voronoi index < n3,ns,ns,ng > to designate the
character of the atomic cluster surrounding an atom, where
n; (i=3, 4,5, 6) denotes the number of i-edged faces in the
Voronoi polyhedron. In the Voronoi analysis, atoms sharing
faces in their polyhedra are the nearest neighbors, so that the
total number of faces in a polyhedron can be used to determine
the coordination number (CN) of the central atom. Thus, we
first analyzed the average CNs as a function of temperature.
Figure 2 shows the distributions of total and partial CNs in
both Ce;pAlzg and LajpAlzg glass-forming alloys at 1200 K
and 300 K, respectively. It can be seen that CN distributions
show a slight difference in two systems. As shown in Fig. 2(a),
CNs around 13, 14, and 15 are different in two systems. The
distributions of CN=13 in two alloys at 1200 K are almost the
same. However, the distribution of CN=13 in LajgAlzyg MG
at 300 K significantly decreases, but that in Ce79Al3g MG at
300 K only decreases a little. The situation is reversed in the
distribution of CN=14. It can be seen that the distribution of
CN=14 in Ce;9Alzg alloy decreases more than in La;gAlzg al-
loy, as temperature decreases. For the distributions of CN=15,
while it decreases in Ce7gAljg alloy with decreasing tempera-
ture, it increases in LajgAlzg alloy. From the distributions of
partial CNs shown in Figs. 2(b) and 2(c), it can be concluded
that the difference in total CN distributions in two alloys is es-
sentially related to the partial CNs around Ce and La atoms in
Ce7pAlzpand LaygAlzg glass-forming alloys, respectively. For
the distributions of partial CNs around Al atoms in both alloys,
only the distributions of CN=10 and CN=13 at 300 K show the
obvious difference. The above results indicate that the local
structures in Ce7oAlzg and LazgAl3g glass-forming alloys are
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Fig. 2. (color online) Total (a) and partial ((b), (c)) coordination numbers in Ce79Alzg and La;oAl3g glass-forming alloys at 1200 K and 300 K, respectively.
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a little different, although Ce and La elements are similar and
the two glass-forming alloys exhibit almost the same averaged
structure features as shown in Fig. 1.

To get more detailed structural information for the local
atomic arrangement, we analyzed the bond—angle distribution,
the so-called three-body correlation, '8! which characterizes
the angles between two bonds connecting the central atom to
any two neighboring atoms. Figure 3 shows the total bond-
angle distributions for Cey9Alsg and LajgAl3g glass-forming
Both systems exhibit quite
similar bond-angle distributions. There are two main peaks
located at 55° and 105°. Previous studies have shown that for
the icosahedral short-range order, the bond angles are 63.5°
and 116.5°,18) quite different from the two main peak angles

alloys at various temperatures.

shown in Fig. 3. This indicates that the local structure ordering
in Ce7gAl3g and LajgAlz glass-forming alloys would not be
icosahedral dominated, but quite complex.
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Fig. 3. (color online) Total bond-angle distributions in Ce;9Alsg (a) and
LaypAlzg (b) glass-forming alloys at various temperatures, respectively.
We also investigate the partial bond—angle distributions at
various temperatures in Ce7gAlsg and La;jgAl3g glass-forming
alloys, respectively. As shown in Fig. 4(a), the bond angle
distribution of Ce—Ce—Ce exhibits a similar behavior to that
in the total bond-angle distribution. This indicates that the
bond-angle distribution of Ce—Ce—Ce is dominant. On the
other hand, another peak located around 150° in Ce—Ce—Ce
becomes more obvious as temperature decreases. For Ce—
Ce—Al, as temperature decreases, the first peak increases and

shifts toward larger angles, from about 51° to 54°. The sec-
ond and third peaks are located at 100° and 146°, respectively.
Although the peak positions in Ce—Ce—Al are different from
those in Ce—Ce—Ce, the shape of bond-angle distributions is
similar. For Al-Ce-Al, the first and second peaks are located
around 48 and 98, shifting towards smaller angles compared
to those in Ce—Ce—Al. The third peak located around 150° is
getting more pronounced in the distribution of Al-Ce—Al. For
La atoms in the LajpAlzg alloy, the bond angle distributions
are similar to those around Ce atoms in the Ce79Alz alloy, as
shown in Figs. 4(g), 4(h), and 4(i). In contrast, bond—angle
distributions around Al atoms exhibit different behaviors in
Ce7pAl3p and LajpAlsg glass-forming alloys. For Ce—Al-Ce
in the Ce;9Alzg glass-forming alloy shown in Fig. 4(d), the
first peak increases, but the peak position does not change. The
two main peaks are located at around 65° and 118°, respec-
tively, which are quite close to the icosahedral bond angles!!8!.
This indicates that the Ce atoms around Al atoms are arranged
in an icosahedral-like fashion. The bond angles of La—Al-La
in La7pAlzg alloy show similar distributions. For Al-Al-Ce,
the first peak splits into two peaks with decreasing temper-
ature, located at around 49° and 63°, respectively. However,
the intensities of these two peaks do not change monotonically
with temperature, but show fluctuation with temperature. Fi-
nally, in Ce70Alzg MG at 300 K, two peaks are formed. This
implies that the arrangement of Al and Ce atoms around Al
atoms is affected significantly by temperature in glass forma-
tion. This is totally different in bond-angle distributions of
Al-Al-La in LajgAlzg alloy. As shown in Fig. 4(k), the dis-
tribution at 1200 K exhibits the main peak around 60° with a
shoulder on the left. As temperature decreases, the main peak
becomes narrower and shifts to around 63°, and the intensity
increases continuously with decreasing temperature. Mean-
while, a small peak on the left is gradually formed, and the
intensity increases with temperature decrease. This indicates
that the arrangements of Al and La atoms around Al atoms in
theLa7gAlzp alloy are relatively stable, so that the bond-angle
distribution of Al-Al-La changes continuously in the cooling
process. Such features are also reflected in the bond-angle dis-
tributions of Al-Al-Al. As shown in Fig. 4(f), the distribution
of Al-Al-Al in the Ce70Alj alloy does not change monoton-
ically with temperature, either. At some temperatures, there
is only a main peak around 60° with a shoulder on the left.
At some other temperatures, there are two small peaks located
around 42° and 60°, respectively. In La;gAlsg alloy, however,
two small peaks around 42° and 60° are formed gradually with
decreasing temperature, as shown in Fig. 4(1). In addition, a
peak located around 170° becomes more obvious, which is not
observed in the Ce;gAlzg alloy. Although Ce and La atoms are
similar, the local atomic configurations of Al atoms in these
two systems show a significant difference.
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Fig. 4. (color online) Partial bond—angle distributions in Ce;gAlzg ((a)—(f)) and La;oAlsg ((2)—(1)) glass-forming alloys at various temperatures, respectively.

According to the above analysis, the local atomic arrange-
ments related to Al atoms change significantly as temperature
decreases. In addition, the local structures around Al atoms
are also different in Ce;9Al3g and LajgAlsg glass-forming al-
loys. To get a deeper insight into the local atomic structure
features, we analyzed the distributions of the major populated
atomic clusters in CeypAlzy and LajgAlzg glass-forming al-
It is found that Ce (La) and
Al atoms in Ce7oAlsg(LazgAlsg) alloy rarely share the same

loys at various temperatures.

types of atomic clusters, so that only the major populated
Ce (La)-centered and Al-centered atomic clusters were pre-

sented, respectively, as shown in Fig. 5. It can be seen that
the major atomic clusters are slightly different for Ce and La
atoms, as shown in Figs. 5(a) and 5(c), respectively. For Ce
atoms, (0,0, 12,0) is the only type of 12-coordinated cluster.
For La atoms, however, (1,3,5,3) as well as (0,0,12,0) are
12-coordinated clusters. The population of both Ce-centered
and La-centered (0,0,12,0) clusters is very small. How-
ever, the fraction of La-centered (1,3,5,3) clusters is much
larger. On the other hand, Ce-centered clusters also contain
13-coordinated (1,3,4,5) and 16-coordinated (0,2,8,6) clus-
ters, but no such clusters are major populated around La atoms.
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In addition, La atoms in La7pAlzg alloy contain one more type
of 14-coordinated clusters, (0,4,5,5). For Al-centered clus-
ters, only the 13-coordinated clusters are different in these
two systems. In Cey9Alsg alloy, the 13-coordinated cluster is
(1,2,5,5), while in LazpAlsg alloy the 13-coordinated cluster
is (0,3,6,4). The fraction of (0,3,6,4) is much more than that
of (1,2,5,5). Therefore, in the LazoAlsg alloy, Al atoms tend
to form (0,3,6,4) and (0,2,8,2), which are often regarded as
icosahedral-like clusters.!'8! For other types of clusters, they
are all major populated in both alloys. Although their frac-
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tions show a little difference, the temperature dependent be-
haviors are similar. In both alloys, most (0,0, 12,0) clusters
are Al-centered. However, the fraction of icosahedral clus-
ters is very small in these two systems, indicating that icosa-
hedral clusters are not dominated local structures, consistent
with the above analysis. This is in contrast to CuZr metal-
lic glass-forming alloy where the population of (0,0,12,0) is
dominant. The Voronoi analysis further demonstrates that the
local atomic structures show a little difference, although Ce

and La atoms are quite similar.
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Fig. 5. (color online) Fraction of the major populated atomic clusters in Ce79Al3g ((a), (b)) and LazpAlzg ((c), (d)) glass-forming alloys at various tempera-

tures, respectively.

3.3. Medium-range atomic packing analysis

As mentioned above, in partial PCFs of the Al-Al pair
in Cej9Alzp and LajgAlsg alloys, the peak positions show
a slight difference, indicative of different atomic packing in
medium-range structures in two MGs. To further character-
ize the medium-range atomic packing features in two MGs,
we analyzed the partial PCFs with the distance scaled by the
first peak position R|. Previous studies show that the oscil-
lation in the PCFs is an indication that a certain order does
exist in amorphous solids, and the values of R;/R; (i =1, 2, 3,
4, 5) in PCFs correspond to several characteristic constants of
V1,3, V4, v/7, and v/12.119 Further studies reveal that the
scaled peak positions of partial PCFs in MGs reflect medium-
range atomic packing orders. ??!1 For multicomponent MGs,
the scaled peak positions of partial PCFs may correspond to
different sequences of characteristic constants, indicative of
different medium-range topological orders, which are found to
directly correlate with the glass-forming ability.!'®! Therefore,

we analyzed the scaled partial PCFs in Ce;9Alsg and La;gAlsg

MGs to investigate the medium-range atomic packing feature.

Figure 7 shows the scaled partial PCFs for Ce—Ce, Ce—Al,
and Al-Al in Ce79Al3p MG and La-La, La—Al, and Al-Al in
Laj9Alzg MG, respectively. It can be seen that the scaled PCFs
of Ce—Ce and La-La are quite similar. The peak positions are
almost the same. However, the scaled PCFs of Ce—Al and La—
Al, Al-Al (Ce79Alsg) and Al-Al (LajgAl3g) are significantly
different. For Ce—Al and La—Al pairs, the second and third
peak positions are almost the same. However, the fourth peak
positions are quite different, located at v/8 and v/7 in Ce—Al
and La—Al pairs, respectively. For La—Al pair, the fifth peak is
not obvious, while it still exhibits significant ordering in Ce—
Al pair. This indicates that the medium-range atomic packing
for Ce—Al and La—Al is different, and medium-range order be-
tween Ce and Al in Ce;9Al3g MG is more significant than that
between La and Al in LajyAlzg MG. Furthermore, the scaled
Al-Al partial PCFs in both MGs are also quite different in
both peak positions and peak number. It can be seen that at
R/R; = /3, there is a small shoulder in Al-Al of CejpAlsg
MG, but no peak or shoulder shows up in Al-Al of LaypAlsg
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MG. On the contrary, at R/R;| = /8, there is a small shoul-
der in Al-Al of LazoAlzp MG. As R/R; is close to v/4 and
4/16/3, the scaled Al-Al partial PCFs in both MGs show two
peaks, respectively. However, the peak intensities in La7gAlzg
MG are higher. There are even two more peaks at R/R; ~ /11
and 1/40/3 in Al-Al of Ce70Alzyp MG. However, there is only
one peak located at R/R; =~ V10 in Al-Al of LajgAlzy MG,
which is also different from the peak of R/R; ~ V11 in Al-Al
of Cey9Alzg MG. Therefore, the medium-range atomic pack-
ing related to Al atoms in two MGs is significantly different,
although Ce and La are similar elements and the compositions
in two MGs are the same. This is different from the MGs with
a large atomic size mismatch.

L L L
CerAls LagAls

—— Ce—Ce — La—La
—— Ce—Al =—— La—Al -
—_— Al—Al — Al-Al

Scaled partial PCFs

J
Y

0.5 1.0 1.5

R/R,

Fig. 6. (color online) Scaled partial pair correlation functions in Ce;9Al3g
and LajoAlzp MGs at 300 K, respectively.

Recently, similar element substitution enhanced
GFA was observed by substitution of Ce for La in
(Lag7Ce03)65C025Al19 bulk MGs.! It was found that more
icosahedral-like clusters may be one of the structural origins of
the higher GFA enhanced by similar element substitution.!
This is consistent with the above local structure analysis in
terms of the Voronoi tessellation method. The substitution
of Ce for La will introduce more (0,3,6,4) and (0,1,10,2)
icosahedral-like atomic clusters, since such clusters tend to
form around Ce atoms, which may play different roles in
dynamical properties as liquids are quenched into glassy
states.[??! More importantly, the medium-range atomic pack-
ing analysis shows that the substitution of Ce will introduce
more different atomic packing in medium range structures.
Although Ce and La atoms are similar, their medium-range
atomic packing with Al is quite different, as shown in Fig. 6.
In addition, the substitution of Ce atoms will also lead to the
more complicated atomic packing of Al atoms in medium-

range structures. More diverse medium-range atomic packing

introduced by the substitution of Ce for La will enhance GFA
in this system. Although Ce and La are similar, the Ce ele-
ment contains 4f electrons, which could be the physical reason
for the distinctive short- to medium-range atomic packing in
Ce7pAl3y and Laj0Al3g0MGs and enhanced GFA by similar
element substitution. This also implies that a slight difference
may lead to a significant difference in short- to medium-range
atomic packing.

4. Conclusion

In summary, we performed systematic ab initio MD sim-
ulations for Ce;9Alzg and La;gAlzg glass-forming alloys. The
short-range local atomic structures exhibit a little difference,
especially for the local structures of Al atoms, which could
result from the 4f electrons in the Ce element. More impor-
tantly, the medium-range atomic packing between Al atoms in
both MGs is significantly different, although Ce and La are
similar elements, which may be the key underlying structural
basis for the enhanced GFA by similar element substitution in
RE-based MGs.
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