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We report a hybrid atomic packing scheme comprised of a covalent-bond-mediated ‘‘stereochemical’
structure and a densely packed icosahedron in a bulk metallic glass Pd,oNisoP,y. The coexistence of two
atomic packing models can simultaneously satisfy the criteria for both the charge saturation of the
metalloid element and the densest atomic packing of the metallic elements. The hybrid packing scheme
uncovers the structural origins of the excellent glass forming ability of Pd,yNiyP,o and has important
implications in understanding the bulk metallic glass formation of metal-metalloid alloys.
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The formation mechanisms of bulk metallic glasses
(BMGs) with a very low critical cooling rate have been
the recent topic of intense discussion [1-9]. In general,
BMGs can be sorted into two groups: metal-metal-based
glasses in which all components are metallic elements and
metal-metalloid—based glasses that contain a large amount
of metalloid elements, such as P, B, Si, and C. The ex-
cellent glass forming ability (GFA) of metal-metal-based
BMGs has been attributed to the icosahedronlike local
order because of the dense atomic packing along with
lack of the translation symmetry for long-range growth
[5-9]. However, for metal-metalloid—based BMGs, the
discussion on local atomic structure is mixed and even
controversial. Both covalent-bond-mediated ‘‘stereochem-
ical” structure and random dense atomic packing have
been reported [10-14]. Since the random dense packing
is determined by the effective atomic size ratios [15],
whereas the stereochemical packing is controlled by the
saturation of directional covalent bonds [14], any specific
requirements on bonding direction, coordination number,
and coordinating atoms will affect the atomic packing
density in a random manner. In principle, the two packing
schemes cannot coexist in one uniform system. Therefore,
it remains a mystery on the atomic structure of metal-
metalloid BMGs as well as the underlying mechanisms
of their GFA. In this Letter, we investigated the atomic
structure of PdyNiyyP,o, one of the best glass formers
known since the 1980s [16], and uncovered a novel hybrid
atomic packing scheme in metal-metalloid BMGs.

The ab initio molecular dynamics simulation with a
canonical NVT (constant atom number, volume, and tem-
perature) ensemble was accomplished by the Vienna
ab initio simulation package [17]. The temperature was
controlled by Nose-Hoover thermostat [18]. A projected
augmented wave method [19] and generalized gradient
approximation [20] were used to describe electron-ion
interactions. The cooling process was performed on the
Gamma point only, and the electronic properties were
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calculated based on dense k-point mesh. Cubic supercells
with 200 atoms were initially constructed with a periodic
boundary condition for Pd,Nigy_, P,y (x = 0, 20, 40, 60)
alloys. The ensembles experienced a stepwise quenching
process for glass structures. The details of the calculation
can be found in the Supplemental Material [21]. The
atomic structure of the alloys was also experimentally
investigated by extended x-ray absorption fine structure
(EXAFS) spectroscopy and high-energy x-ray diffraction
(XRD) at the SPring-8 synchrotron radiation facility. The
reliability of the simulated structures was statistically veri-
fied by the XRD and EXAFS spectra [see Supplemental
Figs. S1(b)—(f)] [6].

The evolution of the generalized pair correlation func-
tion (PCF) of Pd,¢NiygP, is shown in Fig. 1(a). The PCF
exhibits a typical liquid behavior with a homogeneous
atomic distribution at temperatures above 1200 K. The
intensities of two characteristic peaks at ~2.5 and
~4.7 A gradually increase, with temperatures decreasing.
When temperatures are below 700 K, a shoulder peak in
the front of the 2.5 A peak emerges, and the 4.7 A peak
splits. The noticeable structure changes between 500 and
700 K are consistent with the known glass transition of
Pd4oNiyoP,o at ~573 K [22]. The low-temperature (300 K)
structure was further characterized by general [g(r)] and
partial [g;;(r)] radial distribution functions (RDF), as illus-
trated in Figs. 1(b) and 1(c). The calculated general RDF
g(r) has a good agreement with the experiment [10],
further demonstrating the reliability of the simulated
atomic configurations. Since the shoulder of the first
peak in the PCF [Fig. 1(a)] approximately matches
with the Ni-P and Pd-P bonding lengths [Fig. 1(c)],
P-related short-range ordering appears to become remark-
able during glass transition. The splitting of the P-Ni and
P-Pd second peaks [Fig. 1(c)] is also in good agreement
with the temperature-dependent peak separation in the PCF
[Fig. 1(a)]. Moreover, the absence of a short gpp(r) peak in
the RDF suggests that direct P-P bonds are rare in the alloy.
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FIG. 1 (color online).

6} experimental  calculated
e general general
| ——Pd-Pd
4 ——Ni-Pd

gi(r)

r (Angstrom)

—_
o
-

S 20F —P 3 u
L
2 Al—P 3
—Ni 4s
g 151 —_Ni3d
] —Pd 5s
210} —Pddd
K c
z
g 0.5 B D
2
0.0
-10 -5 0
Energy-E ;(eV)

(a) Simulated temperature-dependent pair correlation function of PdyNiyyP,y from 2000 to 300 K. The

shoulder peak and subpeaks are marked by the arrowheads. (b),(c) The generalized and partial radial distribution functions of
Pd,oNiygP,g. The experimental data are shown as a dotted line, and the calculated peaks of the hybrid packing assemblies are marked
by solid lines. (d) The pDOS of Pd,yNiyP,, for P, Ni, and Pd. A, B, C, and D are marked as the different bands for the discussion in

the main text.

The partial density of states (pDOS) of Pd,oNiynPsq is
shown in Fig. 1(d). The pDOS can be divided into four
bands: —13 eV <E-Ep<—11¢eV (marked as A),
—8eV<E-Eg<-5¢eV (B), —5eV<E-Eg<0eV
(C), and E-Ex > 0 eV (D). A and B bands are contributed
by the hybridization between the 3s and 3 p electrons of P
atoms and the s and d electrons of Ni and Pd atoms. The C
band is mainly constructed by 3d electrons of Ni and Pd.
There is an obvious “pseudogap” between B and C sub-
bands in the profile of the d band of Ni and Pd, indicating
that a part of the d electrons of Ni and Pd become localized
due to hybridization. Moreover, the hybrid p-d antibond-
ing bands above the Fermi energy, Er, can be observed in
the band D [More evidence on the antibonding bands can
be found in Fig. S3(b).] The presence of bonding and
antibonding as well as the ‘localization” suggest the
covalent-dominant bonding of P with Ni and Pd. Based
on the pseudogaps that result from the electronic localiza-
tion between P and Ni/Pd in Pd,Nig,_ Py, (x = 20, 40,
60, 80) glasses, we calculated the average electronic envi-
ronment around P atoms (Fig. S2). The average electron
number, belonging to the A and B bands for each P atom, is
approximately 8 for the four glassy alloys, which is evi-
dently associated with the saturation of covalent bonds of
the four valence orbitals of P. In order to quantitatively
describe the bonding nature, we plotted the spatial distri-
butions of charge density within selected energy windows.
The charge distribution of the band C shows that electrons

are localized to individual atoms and do not have any
contribution to the covalent bonding between P and
Pd/Ni. Derived from the charge density distribution of
the hybridized bands A and B (— 13 eV <E-Ep<
—5 eV), we plotted the three-dimensional isosurface with
the charge density of 0.15 e/,&3 [Fig. 2(b)]. The tube
structure between P and Ni/Pd represents the covalence-
like bonds as well as the charge redistribution duo to the
orbital hybridization. Additionally, the partial covalent
bonding between P and Ni/Pd is also revealed by the
electron localization function and the different charge
density distribution. The maximum value of the electron
localization function between Ni and P in Pd,¢NiyoP, is as
large as 0.80, demonstrating the covalence-dominated
bonding behavior. The different charge density distribution
further verifies the localization of electronic density be-
tween P and Ni/Pd (Fig. S3), whereas such behavior
cannot be seen in Ni-Ni, Ni-Pd, and Pd-Pd atomic pairs.
We investigated the local atomic packing of the simulated
glasses using the Voronoi tessellation method [23]. Since
there is coexistence of covalent bonding between P and
Ni/Pd and metallic bonding between Pd-Pd, Pd-Ni, and
Ni-Ni in the glasses, it is more precise to define the cutoff
values based on true interatomic bonding rather than aver-
age interatomic distances. In this Letter, the charge density
at the middle points (p,,) of P-Ni and P-Pd bonds
is used as the cutoff parameter for the P-centered polyhedra.
The values are 0.21, 0.18, 0.15, 0.12 ¢/A3 for Pd,Nig,_ P,
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FIG. 2 (color online).
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(a) The isosurface of charge density of the band C, as shown in Fig. 1(d). (b) The isosurface of charge density

of the bands A and B in Fig. 1(d). (c) The histogram of P-centered Voronoi polyhedra of Pd,Nig,_ P»o (x = 0, 20, 40, 60) glasses using
charge density p,, = 0.21,0.18,0.15,0.12 e/A* as the cutoff parameters, respectively. (d) Histogram of Ni-centered Voronoi
polyhedra for Pd,Nigy_,P,q (x = 0,20, 40, 80) glasses. The frequencies are normalized by the atomic number of P. R i =

3.5 Angstrom.

(x = 0, 20, 40, 60), respectively (see Fig. S4). The distribu-
tion of the P-centered polyhedra is shown in Fig. 2(c), which
is quite different from that based on interatomic distances
(Fig. S4). In Fig. 2(c), three types of P-centered polyhedra
with indices of {0, 3, 6, 0) [tricapped trigonal prism (TTP)],
(0,4, 4,0) (distorted TTP), and (0, 2, 8, 0) are frequently
observed. Their distributions are correlated with the
Pd/Ni concentration ratios in Pd,Nig,_ . P,,. For the binary
NigoPs (x = 0), the P-centered (0, 3, 6, 0) TTP is the fore-
most structure unit, which is well consistent with previous
reports [14]. However, for the ternary alloys, both (0, 3, 6, 0)
TTP and (0, 4, 4, 0) distorted TTP are the dominant poly-
hedra and the frequencies of (0, 3, 6, 0) and (0, 4, 4, 0) are
almost identical in Pd oNisgP5q.

Since there is significant metallic bonding [the band C in
Fig. 1(d)] in the ternary glassy alloys, the atomic packing
amongst metal atoms appears to be important for the over-
all atomic arrangements. We thus investigated Ni- and
Pd-centered Voronoi polyhedra. There are no frequency
favorable Pd-centered polyhedra [Fig. S5 (a)], whereas Ni-
centered polyhedra with Voronoi indices of (0,0, 12, 0)
and (0,2,8,2) show high frequencies in Pd,Nig, ,Ps
[Fig. 2(d)] [24]. Interestingly, Pd4,NiynP,, possesses the
highest frequencies of (0, 0, 12, 0) and (0, 2, 8, 2) polyhedra
that correspond to the dense atomic packing with icosahe-
dronlike structures (CN = 12) [see the inset of Fig. 2(d)].

As the formation of the icosahedronlike polyhedra is
driven by dense atomic packing with the maximal over-
lapping of valence electron density, the dominant bonding

prefers to be directionless metallic bonds. In principle, the
directional covalent bonds are not favorable for the densely
packed icosohedra, since any specific requirements on
bonding direction, coordination number, and coordinating
atoms will naturally limit the atomic packing density in a
random manner. We thus investigated the correlation be-
tween P-centered TTPs and Ni-centered icosahedra in

FIG. 3 (color online). Typical atomic configuration of glassy
Pd,oNiygP,y. The connection between P-centered TTPs and Ni-
centered icosahedra is highlighted, illustrating a topological
order between the two clusters. FS, ES, and VS denote the
face, edge, and vertex sharing methods between P-centered
clusters. The dashed circles delineate the Ni-centered icosahe-
dronlike polyhedra.
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Pd,oNiyyP,o. As shown in Fig. 3, there is a topological
order between the two clusters. In general, one Ni atom, as
a center of an icosahedronlike polyhedron, links two
(sometimes three) P atoms that act as the centers of neigh-
boring TTP clusters, while the Ni-centered icosahedron
shares all the constituent atoms with the neighboring
TTP clusters. It is worth noting that these Ni-centered
polyhedra are usually accompanied by a P-centered
{0, 4,4, 0) cluster, which is in accordance with the result
that the fractions of both Ni-centered icosahedra and P-
centered (0, 4, 4, 0) clusters increase concurrently with the
improved GFA of Pd,Nigy_ P,y [Figs. 2(c) and 2(d)].
Based on the hybrid packing scheme, we estimated the
theoretical composition of the best glass former in this
alloy system. The average composition of Ni-centered
icosahedra is Pds,Nis gP, 4, and the corresponding effec-
tive atomic size ratio is ~0.93, which is close to the ideal
value of 0.902 for the random dense packing. This further
confirms that the arrangement of metallic elements in the
metal-metalloid glass follows the random dense packing
scheme. The average composition of the P-centered TTPs
(considering both (0, 3, 6, 0) and (0, 4, 4, 0) is Pd, (Ni, P,
which basically satisfies the rule of the charge saturation of
P. Apparently, the composition of the best glass former is
not just dependent on either the Ni-centered icosahedra or
P-centered TTPs. The ideal composition should be the
average composition of the hybrid clusters, comprised of
Ni-centered icosahedrons and a P-centered TTP or dis-
torted TTP, to satisfy both the dense packing of the metallic
atoms and charge saturation of the metalloid components.
The average composition of the hybrid clusters is estimated
to be Pdyy (Nisg3P74, very close to the optimal composi-
tion, Pd,oNiyoP,g, determined by the experiment.

To understand the intrinsic correlation between Ni-
centered icosahedra and P-centered TTPs, we studied the
atomic structures of P-centered (0, 4, 4, 0) and (0, 3, 6, 0)
polyhedra [Fig. 4(a)]. The (0, 3, 6,0) polyhedron has a
typical TTP structure, with six atoms at the vertices of
the trigonal prism (denoted as site 1) and three atoms at
sides of the prism (denoted as site 2). Although the
(0,4, 4,0) cluster can be considered as the tetragonal do-
decahedron, it is actually the (0, 3, 6, 0) TTP with a missing
atom at site 2. According to the recent calculation [11], the
absence of one metal atom at site 2 has an insignificant
influence in the structural stabilization of TTP. This is
probably because the covalent bonding saturation of a P
atom only needs 8 electrons from the nearest Ni and Pd
atoms. The typical atomic packing of P-centered TTPs
with a Ni-centered polyhedron is illustrated in Fig. 4(b),
in which the P-centered {0, 3, 6, 0) and (0, 4, 4, 0) clusters
are linked together by a Ni-centered (0, 2, 8, 2) polyhedron.
It is interesting to note that the (0, 4, 4, 0) cluster can be
reverted to the (0,3,6,0) TTP by simply shifting the
marked atom (red ball) from site B to site A. However,
this operation breaks the icosahedral symmetry of the Ni-
centered polyhedron [see the inset of Fig. 4(b) and Fig. S6].
Thus, there is an energy competition between the destruc-
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FIG. 4 (color online). (a) The typical atomic configuration of
P-centered (0, 3,6,0) and (0,4,4,0) clusters as well as the
relationship between the two types of clusters. Site 1 denotes
the vertices of the trianglar prism, and site 2 denotes the side
atoms of the trigonal prism. (b) The hybrid packing between one
Ni-centered polyhedron and two P-centered clusters. The inset is
the planform view of the Ni-centered polyhedron with the
Voronoi index of (0,2, 8,2). Sites A and B represent a special
atom site for the switch from (0, 3, 6, 0) to (0, 4, 4, 0) for the P-
centered trigonal prism structure and from a symmetric icosahe-
dronlike polyhedron to a low-symmetric atomic cluster. (c) The
bond-angle distributions of Ni-vertex and P-vertex angles that
reflect the correlation between two neighboring P-centered clus-
ters and the Ni-centered polyhedron. (d) The packing methods
between the local ordering clusters. The solute Ni atoms are the
dark gray (green) ones.

tion of P-centered TTPs and Ni-centered icosahedra. We
calculated the total energies of two atomic configurations
with the atom at sites A and B (Fig. S6), respectively, and
found that site B is more energy favorable with
~0.10 eV /atom lower than site A [25].

The universality of the hybrid assembly of the icosahe-
dronlike polyhedra with the {0, 4, 4, 0) and 0, 3, 6, 0) TTPs
in Pd4oNiygP» is also verified by the statistic angle distri-
butions. For the P-vertex bond-angle distribution, there are
two peaks at ~70° (denoted as «;) and ~130° (denoted as
a,) [Fig. 4(c)], corresponding to the P-centered (0, 4, 4, 0)
and (0, 3, 6, 0) TTPs, as shown in Fig. 4(d). The distribution
of P-Ni-P angles [Fig. 4(c)] with Ni as the center atoms in
0,2, 8,2) or (0,0, 12, 0) icosahedra presents three favor-
able angles (denoted as 3, B,, and 33) with the following
relations: (1) B; +a; =180° and (2) B; + B+
B3 = 360°. As shown in Fig. 4(d), these angles agree
with the three possible arrangements of one icosahedron-
like polyhedron with two TTPs in the hybrid assembly by
face, edge, and vertex sharing. Based on the three hybrid
packing schemes, we calculated Ni-Ni, Ni-P, and P-P
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bonding lengths, which are also well consistent with their
peaks in partial RDFs, as shown in Figs. 1(b) and 1(c).

Interestingly, we found that the atoms at site B are always
Pd. A separate energy calculation demonstrates that the Pd
at site B has relatively lower total energy than that at site A,
but it is opposite for Ni atoms (see Table S1). Therefore, the
improved GFA of Pd,Nig,_ .P5q (x = 20, 40, 60), compared
to the binary NigyP,g, is most likely associated with the
possibility that the substitution of Ni by Pd is favorable to
the Ni-centered icosahedronlike polyhedra that play a key
role in mediating the covalence-dominated TTPs and dense
atomic packing of metallic atoms. On the other hand, too
much Pd, such as Pdg,Ni,oP,o, may give rise to the decrease
in the number and packing density of Ni-centered clusters.
Since the TTP clusters can fill the space by edge and vertex
sharing to form a periodic crystalline structure of NizP [26],
the assembly of Ni-centered icosahedra and P-centered
(0,4, 4,0) distorted TTPs can also prevent the growth of
TTPs in a crystalline manner and thus stabilize the disor-
dered structure for better GFA [27].

In summary, we investigated the atomic structure of
Pd,Nig,_ Py glasses and found that covalence-dominated
TTPs and densely packed icosahedra coexist in the metal-
metalloid glasses. The hybrid assemblies simultaneously
satisfy the criteria for the charge saturation of the metalloid
element and dense atomic packing of metallic elements,
leading to the lowest total energy and relatively stable
disordered structure. The novel hybrid packing scheme
provides atomic insights into the excellent GFA of
Pd,,NiyP,y and has important implications in understand-
ing the glass formation of metal-metalloid alloys as well as
in developing new metallic glasses with improved GFA by
atomic-structure—based alloy design.
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