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tute for P in the clusters, inducing a shoving effect in the P-P random network. The corresponding electronic
properties indicate an enhanced cluster stabilization due to an electronic mechanism, which reduces the density
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1. Introduction

Bulk metallic glasses (BMGs) exhibit unique electrical, chemical, me-
chanical and magnetic properties [1]. They have very useful mechanical
properties, which are unique in contrast with the corresponding crystal-
line structures. At the moment, there is a wide range of multicomponent
BMG alloys [2]. However, one of the most difficult problems in order to
achieve industrial production is the high cooling speeds required to
generate metallic glasses. In glasses, this tendency is measured by the
so-called glass formation ability [3]. For covalent glasses, the Phillips ri-
gidity theory provides a beautiful framework to understand glass
forming abilities and chemical composition [4]. For glasses with no di-
rectional bondings, the application of such theory is still a very active
field of research [5-9]. In spite of this, there are some empirical criteria
about how the glass formation ability depends upon several parameters
[10-12]. As a result, it was once believed that monocomponent metallic
glasses were impossible to form. Such feat was only very recently
achieved by using a simple but very fast cooling technique [13].

An important milestone in the understanding on how to control
glass formation abilities was the experimental observation of group IV
doping effects on metallic glasses [14,15]. In particular, here we are in-
terested on the famous Pd4oNizoP,o bulk metallic glasses, which was
first prepared by Drehman et al. in 1982 [16,17]. Later on, Chen et al. in-
cluded a minor percent of Si (2-4%) which significantly improved the
glass-formation ability and mechanical properties [14,15]. Although
this is a significant step in the search of new and improved glasses,
there is still a lack of theoretical understanding in the mechanism be-
hind such remarkable effect. A comprehension of this effect can open
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the way to design metallic glasses with improved glass formation
abilities.

To open such question, in a previous work we have made a study of
how Si influences crystals with compositions near the Pd4oNisoPo glass
[18]. However, there are still no available numerical studies on the
doped glasses. Here we provide such study by using density functional
theory (DFT).

Our work is mainly guided by following earlier attempts to describe
the structure of Pd4oNigoP20 BMG [19] in terms of building blocks (BBs)
within the glass. Most of the BBs in the Pd4oNisgP29 are made from
slightly deformed tricapped trigonal prisms [2], although it is not clear
how they are connected [20]. Some clues have been obtained using den-
sity functional theory [19,20].

In this article, we present a description of the resulting structure and
electronic properties of Si doped Pd4oNigoP20 metallic glasses. The layout
of the work is the following. We start describing the methodology used
to generate the glasses. Then a study of the structural effects is made,
and the calculations of the electronic properties are presented. Finally
the conclusion is given.

2. Materials and methods

These ab initio calculations were done by using the Quantum
ESPRESSO [21] plane wave DFT and density functional perturbation the-
ory (DFPT) code, available under the GNU Public License [22]. Scalar rel-
ativistic and non-spin polarized calculation were performed. A plane-
wave basis set with the cutoff of 612 eV was used. Also, an ultrasoft
pseudo-potential [23] from the standard distribution generated using
a modified RRK] [24] approach, and the generalized gradient approxi-
mation [25] (GGA) for the exchange-correlation functional in its PBE pa-
rametrization [26] was used. All atomic positions and lattice parameters
of the supercells were optimized using the conjugate gradient method.
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Table 1
Densities of the models obtained with cells of 200 atoms in the
Pd4oNigoP20 - xSix systems.

Pd4oNigoPa0_ xSix Density (g/cm®)

x=0 8.93(9.21°) (9.4°)
x=05 8.99
x=10 8.92
x=15 8.96
X=20 9.02

¢ Numerical simulation value reported by Kumar et al. [19].
b Experimental value [31].

The convergence for energy was chosen as 10~/ eV between two con-
secutive steps and the maximum forces acting are smaller than
0.05 eV/A. The stress in the periodic direction is lower than 0.01 GPa
in all cases. Once the structures were relaxed, the electronic density of
states were calculated with the tetrahedral method [27].

To build the models, two methods were used. One starts with build-
ing a Pd4oNigoP20 glass model from the BBs taken from the related crys-
tals as follows. A starting orthorhombic supercell of Pd4oNigoP2o with
120 atoms was made, where all P atoms are centered in the tricapped
prism BBs and with no P-P connections. The starting connections BBs
are mainly face-sharing chains with some vertex- and edge-sharing
connections. Once the Pd4gNizoP20 model was built, some P atoms
were replaced by Si with the required concentration. The supercell
was heated at 3000 K in 200 time steps then it was cooled to 0 K in
150 time steps with the cooling rate of 2 x 10'® K/s. The I'-point was
used to perform integration over k vectors. The Verlet algorithm with
a time step of 1 fs to integrate the Newton's equations of motion was
used. The temperature was controlled by using the velocity rescaling
method. Finally, all coordinates and cell parameters were relaxed with
the convergence parameters for the energy and forces described above.

The second model follows the method proposed by Kumar et. al. [19]
for building the pure Pd4oNigP20 glass. One starts from a random con-
figuration of Pd, Ni and P atoms with a given concentration inside a
cubic cell. The calculations were made with three different numbers of
atoms: 60, 110 and 200 atoms, although here we only present the re-
sults for 200 atoms. The supercell was heated at 3000 K in 400 time
steps, then it was cooled to 0 K in 300 time steps with the cooling rate
of 1 x 10'® K/s. The I'-point was used to perform integration over k
vectors. The Verlet algorithm with a time step of 1 fs to integrate the
Newton's equations of motion was used. The temperature was also
controlled by using the velocity rescaling method. Finally, all coordi-
nates and cell parameters were relaxed. The substitution of P by Si
was done with 1, 2, 3, and 4 atoms on each starting cubic cell. Then
the completed computational process described above was applied for
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Fig. 2. Evolution of the density of states of Pd4oNigoP2o during the thermal procedure.

all samples. The resulting densities for the biggest supercells are report-
ed in Table 1.

The typical numerical radial distribution functions g(r) obtained by
such process are shown in Fig. 1. It is important here to remark that in
most of other ab initio works [19,28,29], the simulation time is about
tens of picoseconds, while in this work it was near to 1 ps. To test the ef-
fects of such high cooling speed, in Figs. 2 and 3 we present the evolu-
tion of the density of states (DOS) for PdsoNigP2. In the DOS
evolution for the thermal history, it is clearly seen that the original
structure changes a lot with the first heating, while due to the high
cooling speed, the DOS is slightly modified as cooling is performed.
However, when the structure is relaxed, it is possible to observe that
the DOS is strongly modified. In particular, the evolution towards
lower energies is clear, specially for the lowest band, which corresponds
to P s states and p hybridized states with Ni and Pd, as we will discuss
later on. Notice how the transition metal bands, which are close to the
Fermi energy (set at E = 0), are less modified. This suggests that in
the melt, there is already an incipient formation of transition metal clus-
ters, as is known to occur in such kind of systems [30]. This can explain
the resilient behavior of the system with respect to the cooling rate. On
the other hand, we performed simulations at slower cooling rates as
seen in Fig. 3. The most important result here is the good reproducibility
for different cooling rates. In fact, the obtained DOS is very similar to the
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Fig. 1. Total radial distribution function of Pd4oNisoP0, and the effects of a 0.5, 1, 1.5 and 2% Si inclusion, for a system of 200 atoms. Also, the experimental (green) RDF is shown, obtained
from [19]. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Comparison of the density of states for Pd4oNisgP,o using different cooling rates.
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Fig. 4. P-P partial radial distribution function of Pd4oNisoP20 and the effect of a 2% Si inclu-
sion. The inset is the integral over the area of the P-P partial distribution. This plot was ob-
tained by averaging over three samples.
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ones of glassy clusters [20] and related crystalline compounds [18,20].
Furthermore, the two-body correlations, coordination numbers, densi-
ties and local clusters obtained by this method are in reasonable agree-
ment with other experimental and numerical simulations [19], making
us confident in the methodology.

3. Structural properties

To validate the proposed methodology, we used pure Pd4oNizoP20
glass as a benchmark tool. In particular, we compared our results with
the experimental and numerical radial distribution functions g(r) de-
tailed in Ref. [19], as well as with the coordination numbers of each
kind of atoms and local cluster structure reported in Ref. [19]. Our nu-
merical results of the second method are in closer agreement with the
experimental data (see for example Fig. 1) than those obtained with
the first method based in joining crystalline BBs. Although the general
features of g(r) are well reproduced with the BBs, in general there are
more peaks indicating a tendency for crystallization. Thus, it seems
that the method based on an initial randomization is better suited to de-
scribe the resulting structures. Therefore, we decided to apply this
method to deal with Si doping.

In Fig. 1 we present the effects on g(r) of small Si doping, compared
with the experimental and numerical results for the pure Pd4oNigP20
glass. Due to the low quantity of Si, there are no significant changes.

The main effects of Si are seen when the partial radial distribution
function P-P contribution (gp_p(r)) is plotted as a function of Si doping,
as seen in Fig. 4. In the pure Pd4oNi4P20 glass, the highest peak of gp_p(r)
occurs at r = 3.75 A. After a small 2% Si addition, the peak splits dramat-
ically into two peaks at r = 3.65 A and at r = 4.15 A. The inset in Fig. 4
shows the integral over the area of the P-P partial distribution. To
gain further insight, one can make an analysis of the generated struc-
tures based on the geometrical distances obtained from the pair-
correlations of P-P and P-Si. Such analysis can be made by plotting all
P and Si sites, as seen in Fig. 5. Then, we draw a fictitious line/stick to
join all P and Si which have a distance lower than 4 A, since according
to Fig. 4, the maximum of the P-P correlation is contained in such inter-
val. An analysis of the random fictitious network generated by using this
procedure is seen in Fig. 5, and indicates a shoving effect around the Si.
In fact, the distance from a Si to the first P atom was found to be around
r~4.10 A, which is bigger than the distance of the main peak in the P-P
correlation. This is in agreement with a previous report made by our
group in related crystalline compounds [18].

Concerning the clusters, we have found that Si basically enters at the
center of the clusters as a replacement of P. However, the shoving effect
of Si has a great impact in the coordination number of P. In Fig. 6, we

Fig. 5. Random network generated by the P (in yellow) and Si (in blue) positions for the glass models. The connections are fictitious and displayed only for illustration purposes. Such
connections are shown for those PP or P-Si distances lower that 4 A. Notice how the Si atom is isolated, while P atoms are pushed away around it. (For interpretation of the references

to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. Effect of a 1% and 2% Si inclusion in the coordination number for the Pd-Ni-P bulk metallic.

present the effect of a small Si inclusion. For the pure Pd4oNisoPs0 glass,
our model roughly gives the same results found by Kumar et. al. [19]. In
such case, nearly 60% of P atoms have a coordination of 9, with a small
percentage of 7 and 8. Around 20% have a coordination of 10. When a
2% of Siis added, the 9 coordinated P atoms fall to 30%, while 10 coordi-
nated increase to nearly 35%. Furthermore, 7 coordinated P are not seen
anymore and 8 coordinated P increases from 20% to 30%. Thus, the con-
nectivity is dramatically changed with a small Si doping.

4. Electronic properties

Once the glass models were obtained, we calculated the DOS as de-
scribed in the Materials and method section. In Fig. 7 we present the
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corresponding results as a function of doping, as well as a zoom around
the Fermi energy. For the pure Pd4oNisgPy glass, our results are similar
to those obtained in the related crystals [18]. Basically, the peaks be-
tween E = —15eV and E = — 10 eV are produced by P s states. A sec-
ond bump is seen between E = — 7.5 eV and E = — 5 eV, which are due
to a mix of P p states and Pd and Ni p states. The biggest bump between
E = —5 eV and the Fermi energy corresponds basically to d states of
transition metals. The Si doping has three effects. The first is the raising
of a new peak close to E = — 10 eV. This new peak is due to the Si s
states, which have a higher energy than P s states. The second is a sharp-
ening of the first P s states peak, due to the changes in the P centered
clusters. The third and most important effect is a decreasing of the
DOS at the Fermi level, which seems to indicate an electronic
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Fig. 7. Effect of the Si inclusion in the electronic density of states of Pd-Ni-P bulk metallic glass. The plot at the right corresponds to a zoom around the Fermi energy, which here corre-

sponds to E = 0.
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stabilization of the structure, as was suggested in the related crystalline
compounds [18].

5. Conclusions

In conclusion, we have investigated the effects of Si doping in the
Pd4oNigoP20 glass by using density functional theory. We found that Si
produces a shoving effect in the random network of P centered clusters.
This shoving is due to the size mismatch of Si atoms. This shoving in-
duces dramatic changes in the P coordination, by increasing the connec-
tivity of P with surrounding clusters, as was previously concluded in
related crystalline compounds [18]. All these effects produce a decreas-
ing electronic density of states at the Fermi level, suggesting an elec-
tronic stabilization mechanism behind the improved glass formation
ability of covalent doped metallic glasses.

These changes in coordinations due to the shoving effect, can be re-
sponsible for the improved glass formation ability, as has been put for-
ward by Phillips rigidity theory [32-35,11,12,36-38].
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