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Local structures of Pd4oNisoP20 bulk metallic glass (BMG) were investigated by combining anoma-
lous x-ray scattering close to the Pd and Ni K absorption edges, x-ray diffraction, neutron diffraction,
and reverse Monte Carlo modeling, from which partial structure factors S;;(Q) and partial pair dis-
tribution functions g;;(r) as well as three-dimensional atomic configurations were carefully obtained
around the constituent elements. A disagreement is found in the local structures with an ab initio
molecular dynamics simulation by Guan et al., i.e., the existence of the P-P nearest neighboring
configurations is clarified in the present experimental result. From the Voronoi tessellation analysis,
a preference of the pure icosahedral configurations is observed around the Ni atoms, whereas the
local configurations around the Pd and P atoms are rather distorted icosahedra. A persistent homol-
ogy analysis was carried out to identify meaningful shape characteristics of the intermediate-range

atomic configuration of large rings.

I. INTRODUCTION

PdyoNig9Pog is the historical metal-metalloid metallic
glass that was discovered more than three decades ago'?
as the first bulk metallic glass (BMG). This glass shows
an excellent glass-forming ability (GFA) with a critical
cooling rate (CCR) of about 1 K/s,>* which can be
formed into a massive bulk glass with a diameter of about
10 mm by simple melt-quenching.?3 Although several
thermodynamic, mechanical, structural, and electronic
properties were investigated in detail for this BMG, no
systematic views were obtained so far to understand why
this glass has such an excellent GFA.

As regards the atomic structures, an anomalous x-ray
scattering (AXS) experiment was performed by Park et
al.® at incident x-ray energies close to the Ni K absorp-
tion edge. They obtained the differential structure fac-
tor close to the Ni K edge, An;S(Q), and discussed the
local structure around the Ni atoms. Using the advan-
tage of the AXS technique for the partial structures, they
concluded that the existing model of trigonal prismatic
packing® would be suitable for the local atomic arrange-
ment around the Ni atoms.

Haruyama et al.” investigated again partial structures
around the Ni atoms in the PdyoNigP2g glass by Ni
K AXS experiments. They analyzed differential ra-
dial distribution function around the Ni atoms, Ax;g(r),
Fourier-transform of An;S(Q), and decomposed its first
peak into three Ni-related contributions. As a result,

they reported unusual remarkable changes in the coor-
dination numbers of the Ni-Ni and Ni-Pd pairs by an-
nealing the glass sample just above the glass transition
temperature, indicating a microscopic phase separation
tendency, changing to a bct NigP-like structure. Due
to the limited @ range of the An;S(Q), however, the
Fourier-transformed peaks in real space were broadened
in both of the above AXS experiments, which prevented
a detailed analysis even on the first neighboring atomic
configurations as mentioned in a paper on AXS.8

Another AXS study was carried out by Egami et al.”
close to the Pd K absorption edge to clarify the local
atomic arrangement around the Pd atoms. From the ob-
tained ApgS(Q), they concluded that the structure of
PdyoNigP2g glass can be described basically by a dense
random packed structure with weak chemical short-range
order. Based on this result, they suggested that the
exceptional stability of the PdyoNigoP2g glass originates
mainly from the instability of the competing crystalline
phases rather than the atomic ordering in the glass, in
contrast to the previous AXS study.

Hosokawa et al. also carried out AXS measurements
on the PdyoNigyPso glass close to the Pd and Ni K
edges'® 13 for the comparison to the most excellent BMG,
Pdys.5Ni7 5CuggPgg, having at present the lowest CCR
of 0.067 K/s.1* Detailed analyses of the A;S(Q) func-
tions revealed that a strong correlation between the Pd-
P atoms is found in the Pdys 5Ni7 5sCusoP2g glass, while
such a chemical correlation seems to be weak in the
Pd40Ni40P20 glass.



In order to clarify the role of electronic structures in
the Pd4oNiyoPop glass, spectroscopic measurements were
performed such as incident photon energy dependence
of photoemission spectroscopy, soft x-ray absorption and
emission spectroscopies, and inverse-photoemission spec-
troscopy, and the partial density of states (DOS) of Pd
4d and Ni 3d electrons were estimated.'® 7 It was found
that the DOS at the Fermi energy is mainly made of
Pd 4d and Ni 3d electrons, and very small as expected
from the conductivity data,'® which seems to be consis-
tent with the Nagel-Tauc prediction.'® Core-level pho-
toemission spectra were measured on Pd 3d, Ni 3p, and
P 2p levels to investigate the chemical nature of the con-
stituent elements, and it was found that the P 2p core
level clearly separates into two states, indicating that the
P atoms have two different chemical sites, although one
site with smaller binding energy dominates.'?

Ab initio molecular dynamics (MD) simulations were
performed on PdyoNiggPyy BMG by Kumar et al.?® and
Guan et al.2! The results were analyzed in detail using
the Voronoi tessellation method?? with an ingenious cut-
off length definition around the P atoms including the
electronic charge density. From these analyses, they re-
ported a hybrid atomic packing scheme comprised of a
covalent-bond-mediated stereochemical structure around
the P atoms and a densely packed icosahedron around
the metal atoms in this BMG. The structural features
obtained from this ab initio MD simulation are in good
agreement with slight modifications with the existing
cluster models based on the structures of the approxi-
mant crystal of tricapped trigonal prism® around the P
atoms, and icosahedral clusters?® around the Ni atoms.
At a glance, these seem to be reasonable to explain the
excellent GFA of the PdyoNigP29 BMG compared to
Pd,Nigg_,Pog with different x values.

AXS is a novel method?* that can provide partial struc-
tural information on both the short- and intermediate-
range order (SRO and IRO) around each constituent ele-
ment in multicomponent non-crystalline materials. How-
ever, the P-related partials are difficult to obtain since
the absorption edge energy of the P element is too low
to carry out AXS. On the other hand, P has a relatively
large neutron scattering cross-section, helping to clarify
the atomic positions of the P atoms in the glass. Thus,
neutron diffraction (ND) experiments were also carried
out.

In this paper, we report the local- and intermediate-
range structures of PdyoNiggPoo BMG investigated by
combining AXS, x-ray diffraction (XRD), ND experi-
ments, and reverse Monte Carlo (RMC) modeling.2> The
preliminary results were already reported elsewhere in
a review article.?® From a Voronoi tessellation analysis,
the preference of icosahedral configurations is confirmed
around the Ni atoms rather than Pd. A persistent ho-
mology analysis was carried out to identify meaningful
shape characteristics of the atomic configurations. The
structural origin of the excellent GFA of this BMG is
discussed using a plausible model from the experimental

points of view on the partial structures.

In this article, the experimental procedure and the
data analysis are given in Secs. II and III, respectively.
Results of the experiments and RMC modeling are pre-
sented in Sec. IV. In Sec. V, we discuss the partial
structures of the PdygNiggP29g BMG with several struc-
tural parameters and three-dimensional (3D) atomic con-
figurations using a Voronoi tessellation and a persistent
homology analysis, and by comparing with the existing
ab initio MD simulation. A conclusion is given in Sec.

VI

II. EXPERIMENTAL PROCEDURE

The Pd4gNiggP2o rod sample with a diameter of 3 mm
was prepared as follows. Prior to making the master in-
got, a Pd-P pre-alloy was made using Pd and P polycrys-
tals with purities of 99.95% and 99.9999%, respectively.
Then, a master ingot was manufactured by arc-melting
the mixture of pure Pd, Ni, and the pre-alloyed Pd-P
in an Ar atmosphere. The purity of Ni was 99.9%. In
order to eliminate heterogeneous nucleation due to oxide
contamination, a BoO3 flux treatment®* was repeatedly
carried out in a highly purified Ar atmosphere. The melt
was kept at about 1000°C for at least six days, and then,
quenched by tilt casting into a Cu mold. The concentra-
tions of the measured sample was examined by electron-
probe micro-analysis, and the results were almost the
nominal values within the experimental error of 0.2 wt.%.

The AXS technique utilizes an anomalous variation of
the atomic form factor of a specific constituent element
near an x-ray absorption edge of the element. The com-
plex atomic form factor of an element is given as

f(Q.E) = fo(Q) + f'(E) +if"(E), (1)

where fq is the usual energy-independent term, and f’
and f7 represent the real and imaginary parts of the
anomalous term, respectively. When the incident x-ray
energy E approaches an absorption edge of a constituent
element, its f’ has a large negative minimum and f”
shows an abrupt jump.

One can utilize the contrast between two scattering
spectra near an absorption edge of the kth element A1,
where one is typically measured at some 10 eV and one
at some 100 eV below the edge (EX . and Efar, respec-

near
tively). This differential intensity is expressed as

acArl(Q; By, Briear) = Ax[(f?) = (£)°]
+ANIARS(Q),  (2)

where ¢y, is a normalization constant and A[ | indicates
the difference of values in the bracket at energies of EX,
and Efar close to the absorption edge of the kth element.

The ArS(Q) functions are given as a linear combina-

tion of partial structure factors S;; (Q),

N N
ARS(Q) =D > WH(Q, Bfyy, Brur)Sii(Q)- - (3)

i=1 j=1



TABLE 1. The f" and f” values of Pd, Ni, and P in electron
units at energies measured.?® After Ref. 26.

TABLE II. The weighting factors Wf; at Q =30 nm ™. After
Ref. 26.

Element E (eV) fpa_ fra fri f fe fe
Pd 24320 -5.952 0.552 0.237 0.610 0.044 0.048
24150 -4.228 0.559 0.239 0.618 0.045 0.049

Ni 8313 -0.073 3.723 -5.706 0.480 0.274 0.408
8133 -0.062 3.864 -3.403 0.500 0.280 0.425

i-j Pd-Pd Pd-Ni Pd-P NiNi Ni-P  P-P
Sx(Q) 0.296 0404 0.092 0.138 0.063 0.007
ApaS(Q) 0.537 0.377 0.086 0.000 0.000 0.000
AxiS(Q)  0.007 0.616 0.002 0.288 0.087  0.000
Sn(Q)  0.099 0.345 0.086 0.301 0.150 0.019

Here, the weighting factors WZ’; (Q,EE  EF

far? near) are given
by

’ kook Ax[fifi]
Wij (Qa Efara Encar) = T Ak[<f>2] (4)
where x; is the atomic concentration of element 1.

The AXS experiments were conducted using a stan-
dard w — 260 diffractometer installed at the beam line
BMO2 of the European Synchrotron Radiation Facility
(ESRF) in Grenoble, France. In order to obtain differen-
tial structure factors, A;S(Q), close to the Pd and Ni K
edges, two scattering experiments were performed at en-
ergies 30 and 200 eV below the Pd K edge (24.350 keV),
and 20 and 200 eV below the Ni K edge (8.333 keV).
The details of the experimental setup, in particular, the
detecting system using a bent graphite analyzer crystal
and a long detector arm, is given elsewhere.?S As an x-
ray total structure, Sx(@), the XRD data measured at
the incident energy of 24.150 keV was used.

The ND experiment was performed to obtain the
neutron total structure factor, Sx(Q), using the D4c
instrument?” at the Institut Laue-Langevin (ILL) in
Grenoble, France, with an incident neutron wavelength
of 0.04964(1) nm. The diffraction pattern of the
PdyoNiggP2o rod of 3 mm diameter was taken with the
sample held under vacuum. It was corrected for back-
ground scattering, attenuation, multiple scattering, and
inelastic scattering to yield Sx(Q) and the usual self-
consistency check was performed.?®

III. DATA ANALYSIS

For the AXS data analysis, Sasaki’s theoretical
values?? were used for the anomalous term, and are given
in Table I, which was already shown in Ref. 26. Large
contrasts are seen in the f’ values near the absorption
edges of the corresponding elements as shown in bold.
The WZ; values were calculated with these f’ and f val-

ues together with the theoretical fo(Q) values.>? Follow-
ing the analysis procedure given in Ref. 31, the AxS(Q)
functions were calculated using Egs. (1)—(4) from each
pair of the scattering data.

The W} values at @ = 30 nm™' near the first peak

position in Sx(Q) are tabulated in Table IT together with
those in Sx(Q) and Sx(Q), which was already shown in

Ref. 26. These values slightly change with @ in the
x-ray data, while they are constant in Sx(Q). The edge-
related S;;(Q) functions are largely enhanced in A,S(Q)
and the other partials are highly suppressed. Also, the P-
related 9;; (@) are enhanced in Sx(@). The bold numbers
indicate the enhanced weighting factors compared with
those in Sx(Q).

RMC modeling?® is a useful tool to construct 3D struc-
tural models of disordered materials using experimental
diffraction data. In the RMC modeling, the atoms of
an initial configuration are moved so as to minimize the
deviation from experimental structural data, e.g., in this
study, two ArS(Q), Sx(Q), Sn(Q), and the pair correla-
tion function obtained from ND, gn(r), using a standard
Metropolis Monte Carlo algorithm.?

The starting configuration of a system containing
10,000 atoms with the measured number density were
generated using hard-sphere Monte Carlo simulation
(random configuration). To avoid unphysical atomic con-
figurations, only the constraint of shortest atomic dis-
tances was applied, i.e., 0.20 nm between the metallic
elements of Pd and Ni, and 0.18 nm for the P-related
partials. The calculation cubic box length was chosen
to be 5.0807 nm, corresponding to the number density
of 76.25 nm~3 obtained by our density measurement of
the present sample. The RMC modeling was performed
using the RMC++ program package coded by Gereben
et al.3?

As regards the statistics of the present RMC results,
the @ resolution of D4c neutron spectrometer implies
a neutron coherence volume with a full-width at half-
maximum (FWHM) of about 6 nm. The present RMC
box size of about 5 nm is approximately equal to the
FWHM of the neutron coherence volume. The XRD has
a better ()-space resolution than the ND data, and there-
fore, the spatial correlation lengths in the glasses are in
any cases equal to or smaller than the present RMC box
size. Consequently, the present RMC simulation gives
a satisfactory result in the atomic configurations of this
metallic glass.

The topology of local atomic arrangements in non-
crystalline materials is often analyzed by a Voronoi tes-
sellation method.?* The Voronoi cell or polyhedron of an
atom contains all points in space which are closer to the
center of the atom than to any other atoms. The Voronoi
tessellation thus produces convex polyhedral cells, which



have planer faces and completely fill the space. The dif-
ferent coordination polyhedra surrounding a central atom
can be characterized by the Voronoi indices (ns,n4,ns5,n6,
...), where n; denotes the number of i-edged faces of the
polyhedron and ), n; is the coordination number. In
this study, we applied Voronoi polyhedra analysis to the
atomic configurations in Pd4oNigoP2g BMG generated by
RMC.

Persistent homology?® is a topological method which
can extract hierarchical structures of various non-
crystalline solids in the short, medium, and even fur-
ther ranges. This method describes a persistent diagram
(PD), a mathematical tool for capturing shapes of multi-
scale data. The input to the PDs is a pair of atomic posi-
tions and input radius for each atoms, r;. To characterize
the multiscale properties, a parameter « is introduced to
generate a family of atomic balls having the radius of
ri(a) = /a+ r2. With varying radii of atomic balls by
changing a, rings are detected at each a. Then, there is
an o = by (o = dj,) value at which a ring k first appears
(disappears) in the atomic ball model. The by and dj
values are called the birth and death scale of the ring
k, respectively. From this construction, (b, di) encodes
certain scales of each ring, i.e., by indicates the maximum
distance between two adjacent atoms in the ring, whereas
dy, represents the size of ring. The output is expressed as
two-dimensional histograms of by, and dj. There are two
types of persistent homology analysis at present. One is
counting ring structures named D1 and another is count-
ing three-dimensional cavities named D2. Only the ring
structure D1 is presented in this paper. Details of the
PD analysis are given in elsewhere.?

IV. RESULTS

Circles in Fig. 1(a) show the experimental data of
ApgS(Q) and Ayx;iS(Q) taken from AXS together with
Sx(Q) and Sx(Q) in the whole ) range measured, and
Fig. 1(b) shows in the small @ range for the clarity. Con-
sistencies with previous results are seen in the features of
Sx(Q)™ and AniS(Q).>7 As seen in the figure, all of the
structure factors resemble each other. However, interest-
ing features are already observed from a detailed inspec-
tion of these data. 1) The first peaks in Ax;S(Q) and
Sn(Q) locate at @ values higher than those in Apg.S(Q)
and Sx(Q). 2) The second and third maxima in Sx(Q)
are shifted towards the higher @ values with respect to
the Sx(Q) and ApgS(Q) data. 3) A slight enhancement
is observed in Sx(Q) at low @ values. All of these dif-
ferences result from the different weighting factors of the
different experimental methods shown in Table II.

Solid curves in Fig. 1 show the corresponding fits from
RMC modeling. Although the experimental spectra have
each characteristic features, the RMC results are in good
agreement with all of the experimental data within the
experimental errors.

Circles in Fig. 2 represent the experimental data of
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FIG. 1. (Color online.) From top to bottom, circles denote
experimental data of ApqS(Q) and Ax;S(Q) taken from AXS,
and S(Q)s by XD and ND in the (a) whole Q range measured
and (b) in the low @ range up to 80 nm™*. Solid curves show
the corresponding fits from RMC modeling. For clarity, the
spectra are displaced upwards by 3.

gn(r) and the solid curve shows the corresponding fit
from RMC modeling. As seen in the figure, the RMC
fit excellently reproduces again the experimental data.
The first peak in gn(r) has a main peak at 0.263 nm
and a shoulder at the smaller r value of about 0.23 nm.
The height of the shoulder is larger than in the XRD
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FIG. 2. (Color online.) Circles represent experimental gn
data and the solid curve shows the corresponding fit from
RMC modeling.
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FIG. 3. (Color online.) S;;(Q)s obtained from the RMC
calculation. For clarity, the spectra are displaced upwards by
3.

measurements,”?!3 which is owing to the difference in

the weighting factors between XRD and ND.

Figure 3 shows the partial structure factors, S;;(Q),
obtained from the RMC modeling. The features of
S;;(Q) highly depend on the combinations of partial ele-
ments. Firstly, the first peak positions of 9;;(Q) are dif-
ferent from each other, ranging from 28.5 nm~! in Pd-Pd
to 31.9 nm~! in P-P. Secondly, the first peak of Spapa(Q)
has a small tail at the low @ side, indicating the exis-
tence of a weak Pd-Pd intermediate-range correlations,
although the total Sx(Q) and Sx (@) have no indications.
However, the existence of a larger shoulder was observed
in Spapa(Q) in the same @ range by the previous report
of ApqS(Q) when the Ni atoms are replaced by the Cu
atoms. 1013

On the other hand, the Ni-related S;;(Q) have tails
in the higher @ ranges of their first peaks. This feature

suggests that the environments around the Ni atoms can-
not be described by a simple dense-packed hard-sphere
scheme, but the Ni atoms have plural interatomic dis-
tances with the nearest neighboring atoms regardless to
the elements.

A tendency of phase separation is clearly seen in the
Ni-Ni correlation as an enhancement of S;;(Q) in the
low @ region. The relationship between a small angle
intensity enhancement and a phase separation in metal-
lic glasses was firstly studied by Chou and Turnbull®® on
the temperature dependence of Pd-Au-Si metallic glasses,
which shows a separation into two melts with different
concentrations. The relationship in a Pd-Ni-P alloy was
investigated by Yavari et al.3” These studies were, how-
ever, carried out in a very small () range around 0.1
nm~!, corresponding to a long 7 range of more than
several 10 nm. In the present study, the enhancement
of structure factor intensity appears at about 5 nm™!,
corresponding to the r range of about 1 nm. In the
present study, the concentration saparations are promi-
nent, while the density fluctuations are not so large as
indicated in Sx(@Q).

The Spgp(Q) function shows a small first peak with a
large shoulder in the higher @ range followed by a highly
damped second peak. A phase separation tendency is
also observed in this correlation. The Spp(Q) function
looks similar to Spap(Q). However, the enhancement in
the low @ region is replaced by a broad prepeak at about
20 nm ™!, indicating a weak intermediate-range order be-
tween the P atoms.

The P-P correlation has the largest errors owing to the
smallest weighting factor even for the ND data of 1.9%
as in Table II. Nevertheless, the prepeak height is about
double the noise level of ripples around the prepeak. A
series of RMC calculations was carried out, where the
sum of the well-saturated results showed the same fea-
tures such as ripples in the resultant S;;(Q) functions.
Thus, it is suggested that the errors in S;;(Q) do not
originate from the RMC calculations but from the statis-
tical errors of the experiments.

Figure 4 shows partial pair distribution functions,
gij(r), obtained from the RMC model. The importance
of including the ND data to discuss the P-related g;;(r)
was demonstrated by showing the weighting factors in
Table 4 and comparing to the RMC results in Fig. 5 of
Ref. 26. These are due to the double contributions of the
Ni-P and P-P partials to Sx(Q) compared with those in
the x-ray functions of XRD and AXS. In addition, un-
physical sharp peaks usually appearing at the shortest
interatomic distances seem to be highly suppressed by
including the gn(r) data in the RMC simulation proce-
dure.

Since the first peak regions in g;;(r) are not simple
peaks, the partial nearest neighbor distances r;; were ob-
tained from the average values of ¢;;(r) in the first neigh-
boring regions, and are tabulated in Table III together
with previous experimental and theoretical results. The
first neighboring regions are defined in the r range up to
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FIG. 4. (Color online.) g;;(r)s obtained from the RMC cal-
culation. For clarity, the spectra are displaced upwards by
3.

the first minimum in each g;;(r); 0.35 nm for Pd-Pd and
Pd-Ni, 0.32 nm for Pd-P, Ni-Ni, and Ni-P, and 0.31 nm
for P-P correlation. The values are mainly determined
by the different atomic radii of the constituent elements.
There are, however, characteristic features in each g;;(r)
function, which cannot be explained by only the dense-
packed hard-sphere scheme.

The gpapa(r) function seems to be a typical dense-
packed hard-sphere structure in the sharp prominent first
peak area located at 0.286(2) nm although a shoulder is
observed in the lower r range. However, the second peak
at 0.46(1) nm has a shoulder in the higher r range of
0.54(1) nm, which may indicate a specific cluster forma-
tion of the Pd sublattice. The gpqni(r) function shows a
feature similar to gpapa(r), although rpqn; is a smaller
value of 0.278(2) nm. The second peak at 0.43(1) nm has
a shoulder at the higher r values of 0.52(1) nm, which
shows again the possibility of a cluster formation.

Egami et al.” calculated the gpapa(r) and gpani(7)
functions from the Pd K edge AXS experiment. The
peak positions of these partials are in good agreement
with the present results within the experimental errors.
The spectral features also look similar to the present re-
sults except that they have a larger shoulder of the second
peak in gpgpd(r).

The first peak in the gpqp(r) shows the most curious
features among those of the g;;(r) functions, which has a
sharp peak at about 0.22 nm with a broad shoulder cen-
tered at about 0.26 nm, and the average value is 0.245(5)
nm. It should be noted that the P 2p core-level PES spec-
trum clearly separates into two states, indicating that the
P atoms have two different chemical sites.' Such a dou-
ble result in the electronic states may be consistent with

the present bimodal structural data in the first neigh-
boring peak in gpgp(r). Concerning the second peak at
0.43(1) nm and its shoulder at 0.50(1) nm, the intensities
are much lower than those of other partials.

A sharp first peak in the gnini(r) is located at 0.253(2)
nm followed by a prominent second peak at 0.43(1) nm
with a clear shoulder at 0.51(1) nm. The gnip(r) func-
tion has features similar to gnini(r) with a slightly lower
height of the first peak. The positions of the first and
second peaks and the shoulder are 0.246(3), 0.41(1), and
0.49(1) nm, respectively, slightly shorter than those of
gnini (7).

Haruyama et al.” measured AXS of Pd4oNisgP29 BMG
and decomposed the first peak of the Fourier transform
of AniS(Q) into three components, Pd-Ni, Ni-Ni, and
Ni-P. Although its peak shapes are broad due to the lim-
ited @ range of Ax;S(Q) up to 76 nm~!, the Pd-Ni and
Ni-Ni interatomic distances shown in Table IIT coincide
well with the present results. For the Ni-P interatomic
distance, a smaller r;; value of 0.235(1) nm by about 0.1
nm was obtained. Since the Wyip value in An;S(Q) is
only 0.087, much smaller than Wpgn; and Wyin; as seen
in Table II, however, the present result including the ND
information is more reliable.

Park et al.> also estimated r;; from their Ni K edge
AXS experiment based on a topological short range or-
der model using a crystal-like cluster of trigonal prism
capped with three half octahedra. However, they gave
only the averaged values of Pd and Ni metallic elements
(M) for the neighboring atoms. The rpay value of 0.268
nm is much shorter than our and Egami et al.’s results
of about 0.282-4 nm, and the rNyv value of 0.265 nm is
mostly the present average value of 0.282 and 0.253 nm
for our Pd-Ni and Ni-Ni distances, respectively. It can
again be mentioned that the existence of ApgS(Q) would
be essential to correctly determine the local environment
around Pd.

X-ray absorption fine structure (XAFS) results were
given in Ref. 20. However, only the ranges of the first
peaks are given, but coincide with the general trend of
the peak positions with the elemental correlations. Ex-
ceptionally, the peak value of 0.228 nm was given the
Ni-P distance in the text, which is again shorter than
the present result.

An ab initio MD simulation by Guan et al.** obtained
r;; values which are tabulated at the bottom of Table
ITII. The general features of element dependence in 7;;
looks reasonable. However, all of the 7;; values are rela-
tively small beyond the error bars by comparing with the
results of the present experiment as well as the other ex-
perimental data.”” The existence of the P-P correlations
will be discussed later.

The partial coordination numbers, i.e., those of jth
element around ith atom, N;;, and their sum around each
ith atom, (N;), were calculated from the g;;(r) functions
by integrating up to the minimum positions, 0.35 nm for
Pd-Pd and Pd-Ni, 0.32 nm for Pd-P, Ni-Ni, and Ni-P, and
0.31 nm for P-P correlation, and the results are given in

1'21



TABLE III. The partial nearest neighbor distances 7;; in nm obtained from the present experiments with the RMC modeling

together with previous experimental and theoretical results.

i Pd-Pd Pd-Ni Pd-P Ni-Ni Ni-P P-P Ref.
Experiment
AXS/XRD/ND 0.286(2) 0.278(2) 0.245(5) 0.253(2) 0.246(3) 0.240(3) Present
AXS(ApaS(Q)) 0.285(2) 0.282(2) - - - - 9
AXS(ANiS(Q)) - 0.281(1) - 0.257(2) 0.235(1) - 7
Theory
Ab initio MD 0.280(2) 0.266(2) 0.241(2) 0.253(2) 0.224(2) - 21

Table IV. The fraction of IV;; around the element ¢ are
given in the table below the N;; values.

The total (N;) values around the Pd, Ni, and P atoms
are about 13.9, 11.9, and 10.2 atoms, respectively, which
indicate mostly typical dense-packed values of 12, or a
slightly different depending on the atomic radii of the el-
ements. When the elemental portions are examined in
detail, an interesting feature appears, i.e., the numbers
of the Pd neighboring atoms are always larger than the
nominal value of 40% by about 2%, those of the Ni neigh-
boring atoms mostly nominal values of 40%, and those of
the P neighboring atoms smaller than the nominal value
of 20% by about 2%.

There are a few experimental data on the coordination
numbers. The Pd K edge AXS by Egami et al.” gave
(Npq) = 15.3, larger than the present result. The Ni K
edge AXS by Haruyama et al.” provided the Ni-related
partial information. The Ni atoms is slightly preferable
to connect with Ni rather than Pd, contradicting the
present result. Moreover, the Nyip value (27.6%) is too
large as compared to the nominal value of 20%, which is
again inconsistent with the present result.

Park et al.? also estimated N;; from their Ni K edge
AXS experiment based on a topological short range order
model. Their Pd-M, Ni-M, and P-M values are 11.1, 11.4,
and 8.7, respectively. Compared with the present results
of about 11.4, 9.8, and 8.3, the Pd-M and P-M values are
consistent, while the Ni-M value is very large. They fitted
a crystal-like cluster model representing a simple dense
packing to gx(r) and Axig(r), which may overestimate
the partial coordination number around the Ni atoms.

The (N;) values obtained by the ab initio MD
simulation?! of 13.6, 12.2, and 8.9 around the Pd, Ni,
and P elements, respectively, are also shown in Table
IV. The values around the Pd and Ni atoms are in good
agreement with the present experimental results. How-
ever, the value around the P atoms is much smaller than
the present experimental one.

V. DISCUSSION

The bond angle distributions are helpful to examine
the IRO in this BMG. Figure 5 shows a part of the partial
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FIG. 5. (Color online.) Selected partial bond angle distribu-
tions 7(cos 0;5x). The 0,5, values are given at the top of the
figures.

bond angle distributions, n(cos6;;x), where 0,5 is the
bond angle of i-j-k atoms. In the figure, only nine 7
spectra with not more than two elements are selected
among totally eighteen n spectra. The cosn(6;1) (i #
j # k) result is mostly the average of n(cos6;;;) and
n(cos Oxjx).

The prominent peak is observed at about 05 =
60°, indicating that the atomic arrangements are mostly
dense-packed for all the elements. The peak positions of
the n(cosf;;;) spectra are exactly 60° as shown in Fig.
5(a) Pd-Pd-Pd, (e) Ni-Ni-Ni, and (i) P-P-P. However,
shifts are observed in n(cosf;;;), suggesting the differ-
ences in the atomic radii R; of the elements, Rpq > Rnj >
Rp, i.e., the peak positions in 7(cos 6,;;) are less than 60°
when R; < R; as in (d) Ni-Pd-Ni, (g) P-Pd-P, and (h)
P-Ni-P, and vice versa as in (b) Pd-Ni-Pd, (c¢) Pd-P-Pd,



TABLE IV. The total and partial average coordination numbers ((IV;) and N;;, respectively) and the fractions around the
elements 7 obtained from the present experiments with the RMC modeling together with previous experimental and theoretical

results.
(Npa) Npa-pd Npa-ni Npa-p  (Nni) Nniopd Nni-ni Nnicp (Np)  Np-pa Np-ni Np_p Ref.
Experiment
Present 13.88(3) 5.82(2) 5.57(2) 2.49(5) 11.87(3) 4.95(2) 4.81(2) 2.11(4) 10.23(6) 4.21(5) 4.13(5) 1.90(8)
41.9% 40.1% 18.0% 41.7% 40.5% 17.8% 41.1% 40.4% 18.5%
AXS(ApaS(Q)) 153 - - 9
AXS(ANS(Q)) - 13.4(9) 47(2) 50(7) 3.7(5) 7
35.1% 37.3% 27.6% -
Theory
ab initio MD 13.6 12.2 8.9 0.0 20

and (f) Ni-P-Ni.

The second peaks in n(cos ;i) are located between
100° in (d) Ni-Pd-Ni, (g) P-Pd-P, and (h) P-Ni-P, and
120° in (¢) Pd-P-Pd, suggesting the differences of R;
around the Pd, Ni, and P atoms centered at the tetrahe-
dral value of about 110°. These differences in the second
peak positions can also be explained by the differences of
R; among the Pd, Ni, and P elements.

By looking at Fig. 5 in detail, only the Pd-P correla-
tions of (¢) Pd-P-Pd and (g) P-Pd-P exhibit the charac-
teristic feature that the prominent peak at about 60° is
very broad in comparison with the others. This relates
to the double peak feature of the first peak in gpqp(r)
shown in Fig. 4.

Until 1970s, a widely accepted structural model for
metallic glasses was that of Bernal’s dense random pack-
ing of hard spheres.?® After 1980s, however, a covalent
nature in metal-metalloid metallic glasses was theoret-
ically considered to be important in TM-B and TM-P
alloys (TM: transition metals, Fe, Ni).?*>%? The P con-
centration dependence of TM-P alloys in the GFA was
investigated by Chen,*! and about 20 at.% P gives good
GFA in any TM-P glassy alloys. On the other hand,
this result indicates that a stronger covalent nature by a
larger P concentration does not induce a better GFA.

Thus, it is now interesting to examine the effect of a
different ternary addition,*? which as a result produces
static and dynamic heterogeneity in metallic glasses.*?%4
The existence of two chemical environments around the
P atoms in the PdyoNiygP2g alloys was observed by the
P 2p core-level photoemission spectroscopy,'?® indicating
a curious double nature of the P atoms and may be re-
lated to the coexistence of metallic and covalent proper-
ties shown by the ab initio MD simulation by Kumar et
al.?? and Guan et al.?!

It should be noted that the P-P interatomic correla-
tion is observed in the present partial structural study al-
though the fraction of the coordination number is smaller
than the nominal value as shown in Table IV. To examine
the existence of the P-P short bonds, another RMC fit
was carried out without the P-P correlations in the first

neighboring shell by setting a longer P-P cut-off length
of 0.32 nm. The sum of the square of residual errors,
x?, with no P-P short bonds was slightly larger than
that with the P-P interactions by 11.9%, and in partic-
ular, the inconsistency appears in Sx(Q) by about 74%
in the x? value. Also, the resultant gpp(r) has a large
and unphysical peak just beyond the cut-off distance of
the constraint. These experimental results suggest that
P-P correlations exist within the first neighboring shell.
However, a disadvantage of the RMC modeling is widely
known as an energetically insensitive method, i.e., no in-
teratomic potentials are included in the algorithm.

On the contrary, the previous ab initio MD simula-
tion emphasized the lack of the P-P bonds.?%2! They
showed that their results can be described in terms of
P-centered polyhedra. They also investigated the struc-
tures experimentally using high-energy XRD, and Pd and
Ni K XAFS experiments, and wrote in this article, “the
absence of a short gpp(r) peak in the pair distribution
function (PDF) suggests that direct P-P bonds are rare
in this alloy.”?! This description, however, overestimates
the potentials of these experimental techniques. Owing
to a very small Wpp value of 0.7% for XRD as shown
in Table II, however, the P-P signal in the total gx(r)
can be in a noise level of the Fourier transform from the
experimental Sx(Q) data. The Pd (Ni) K XAFS can
only observe the atomic arrangements around the central
Pd(Ni) atoms. Thus, it is difficult to prove the existence
of short P-P bonds by their XAFS measurements.

Thus, there is no experimental proof of P-P correla-
tions in the first coordination shell to support either the
present experiments or the recent ab initio MD simu-
lation. To our knowledge, the experimental method to
examine the P-P correlations is only XAFS experiment
near the P K edge (2.149 keV) as carried out by Sheng et
al.** Nevertheless, it is not easy to reach the conclusion
because 1) the XAFS oscillation intensity by P is very
small compared with those of Pd and Ni, 2) the k range
of the P K XAFS oscillations is limited due to the ex-
perimental setup under vacuum, and 3) the decreasing k
dependence of the backscattering amplitude of P is simi-



FIG. 6. (Color online.) 3D atomic representation obtained
from the RMC calculation. The circles indicate the Ni-rich
regions, and their diameter of 1.26 nm corresponds to a @Q
value of 5 nm ™.

lar to that of Pd in the low k range. Therefore, a detailed
inspection of the P K XAFS experiment is essential to
reach the conclusion, which is now in progress.

Figure 6 shows a 3D atomic representation obtained
from the present RMC fit, where large, medium, and
small balls indicate the Pd, Ni, and P elements, respec-
tively. At a glance, the Ni atoms seem to show a slight
cluster formation. The circles indicate Ni-rich regions
with a diameter of 1.26 nm corresponding to a ) value
of 5 nm~!. The size of the separation of Ni atoms shown
as the low-@Q enhancement in Syini(Q) is comparable to
the size of the circles. Such a trend is always observed,
i.e., it is not a special properties in Pd4oNiggP2o alloy,
but is seen in metallic glasses in general.*> 47

To clarify the heterogeneity of the elemental concen-
trations quantitatively, the RMC simulation box with the
length of 5.0807 nm was separated into 5 x 5 x 5 = 125
voxels, and the numbers of each element were counted.
Figure 7 shows the atomic number distributions &; of (a)
Pd, (b) Ni, (c) P, and (d) all atoms in voxels with the
size of 1.0161 nm. The averages are shown by dashed
lines in the figures, 32, 32, 16, and 80 atoms for Pd, Ni,
P, and all atoms, respectively. To find the concentration
heterogeneity, fits were carried out by using Gauss func-
tions, and the standard deviations, o;, are calculated to
be 5.4, 6.3, 5.4, and 5.0 atoms for Pd, Ni, P, and all
atoms, respectively. As seen in these values, the posi-
tional fluctuations of Ni is larger than those of Pd.

Since the oay value is not large, a special relation is
expected between the & values of the elements. Figure
8 shows the relation of &; values between (a) Pd-Ni, (b)
Pd-P, and (c) Ni-P atoms. The dashed lines in (a) and
(b) indicate the data fits of linear relations. The Pd-Ni
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FIG. 7. (Color online.) o; of (a) Pd, (b) Ni, (¢) P, and (d)
all atoms in voxels with the size of 1.0161 nm.
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FIG. 8. (Color online.) The relation of &; values between (a)
Pd-Ni, (b) Pd-P, and (c) Ni-P atoms. The dashed lines in (a)
and (b) indicate the data fits of linear relations.

in (a) shows a linear relation with a slope of —0.65+0.08
as shown by the dashed line. If this metallic glass is
formed by dense-packed hard-spheres with the radii of
0.286 and 0.253 nm for Pd and Ni, respectively, obtained
from the present r;; valued in Table III, the slope should
be —(0.253/0.286)% = —0.69, which is mostly in good
agreement with the above experimental result of —0.65 4+
0.08.

As shown in (b), a linear relation between the Pd and P
atoms is obtained with a slope of —0.37 +0.08. Since the
prediction of dense-packed configurations gives a slope
of —(0.240/0.286)% = —0.59, weak correlations, such as
covalent bondings, are expected between the Pd and P
atoms. In (c), & shows no relation between the Ni and P
atoms, and thus, the correlations between Ni and P seem
to be stronger than those between Pd and P.



TABLE V. Results of Voronoi tessellation around the Pd, Ni,
and P elements beyond the fraction of 3%. The errors of the
fraction are about 0.2%.

Element | (ns n4 ns ne nz)|Fraction (%) |N = ZZ ng
Pd (02840) 5.7 14
(0285 0) 48 15
(0110 4 0) 43 15
(0366 0) 3.2 15
(01103 0) 3.0 14
Ni (01102 0) 10.1 13
(03640) 7.5 13
(02840) 7.2 14
(0012 0 0) 5.8 12
(01103 0) 3.6 14
(02820) 3.5 12
(03650) 3.5 14
P (02820) 6.9 12
(02810) 6.0 11
(03640) 6.0 13
(03630) 46 12

Table V shows the results of Voronoi tessellation
around the Pd, Ni, and P elements. For the dense-
packed atomic configurations, the non-crystalline fea-
ture is characterized by icosahedral atomic configurations
with Voronoi indices of (0 0 12 0), while crystalline con-
figurations corresponding to the fcc and hcep structures
both have Voronoi indices of (0 12 0 0).

As seen in the table, five-edged faces dominate Voronoi
indices around all of constituent elements. Thus,
icosahedra-like atomic configurations dominate the local
structure of the PdyoNiggP2o BMG. However, the pure
icosahedral (0 0 12 0) configurations can be mainly seen
around the Ni atoms with a fraction of 5.8(2)% as indi-
cated by the bold number. Moreover, the largest fraction
of 10.1% around Ni is found for the index (0 1 10 2 0),
which is a very slightly deformed icosahedron by adding
only one atom to a perfect one. On the other hand,
0.3% (2.3%) and 2.5% (2.9%) of pure (slightly deformed)
icosahedra are observed around the Pd and P atoms, re-
spectively, and most of the local structures around them
are deformed from the icosahedral atomic configurations.
The preference of pure icosahedra around Ni may be re-
lated to the excellent GFA of this traditional BMG.

Figure 9 shows the persistence diagram, i.e., the birth-
death map obtained from the persistent homology anal-
ysis, for the ring structure around (a) all atoms, (b) Pd,
(¢) Ni, and (d) P elements. As shown in (a), the birth-
death points are distributed just above the diagonal slope
line, showing a typical feature of random distribution of
the atoms, which was examined by using a Lenard-Jones
glassy system in Fig. 7 of Ref. 35.

When the partial persistence diagram is shown around
(b) Pd and (c) Ni atoms, a different feature rises up in the

10

map, i.e., a distinct contribution appears in the area of
short-birth and long-death as indicated by arrows, which
reveals the existence of large rings with the Pd or Ni
atoms. A similar result was obtained in Zr-Cu glasses
around the Zr atoms as shown in Fig. 8 of Ref. 35,
where the atomic configurations were obtained by using
a classical MD simulation. Since the Zr-Cu alloys can
form a BMG phase, it is possible that the existence of
such large rings reflects a good GFA. It should be noted
that to our knowledge, the present work is the first exper-
imental one that shows the existence of such large rings.
To confirm this relation, an RMC calculation and the
subsequent persistent homology analysis are essential on
metallic glasses with a poor glass-forming ability such as
PdyoCuygP2g alloy or simple liquid metal alloys like Na-K
system, which is now in progress. Note that the persis-
tent homology analysis is a simple and promising method
to investigate an intrinsic character of intermediate-range
atomic configurations in metallic glasses.

The persistence diagram around the P atoms are rather
scattered as shown in Fig 9(d). Owing to a small con-
centration and a heterogeneous distribution of P, dis-
tinct ring structures cannot be detected by the present
persistent homology analysis even though the P-P par-
tial structures are correctly obtained by the ND experi-
ment. A detailed ab initio MD simulation is necessary to
catch the proper intermediate-range structural informa-
tion around the P atoms.

The final goal of the present partial structural study
is to find a clear relationship between the atomic struc-
tural features and the GFA of metallic glasses. Char-
acteristic features in the intermediate-range atomic ar-
rangements of the PdygNiggPgo glass with the excellent
GFA, such as the preference of the perfect icosahedral
structures around the Ni atoms and the existence of
large rings composed of the Pd and Ni atoms, may be
related to the excellent GFA. At present, however, this
work shows the first systematic and reliable result of the
atomic structures in metallic glasses, and there are no
reference work of other metallic glasses so far for the com-
parison with the present study. To examine this idea, a
systematic work is necessary on partial structures of, e.g.,
Pd4oCuygoP2o, which has similar constituent elements but
exhibits a worse GFA, where a cooling rate of 100 K/s
is required to form a BMG rod with 7 mm diameter,*®
and Pdys 5Ni7 5CuggPsg, which is mostly a mixture of the
above alloys and shows a champion CCR of 0.067 K/s at
present.' These works are now in progress.

VI. SUMMARY

AXS and ND experiments were performed on the tra-
ditional bulk metallic glass Pd4oNisgP2o alloy to investi-
gate the short- and intermediate-range partial structures
around each constituent element, and the results were
carefully analyzed using RMC modeling. The partial in-
teratomic distances agree with the existing XAFS and
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FIG. 9. (Color online.) The persistence diagram for the ring structure D1 around (a) all atoms, (b) Pd, (c) Ni, and (d) P

elements.

AXS results. The partial coordination numbers obtained
from the present RMC modeling are physically reason-
able, despite the disagreements with the previous works.
In particular, an inconsistency is found in the local struc-
tures against the ab initio MD simulation by Guan et
al.?!, i.e., the existence of the P-P nearest neighboring
configurations is clearly obtained in the present model.
The result of Voronoi tessellation clarifying the short-
range atomic environments shows a clear difference in
that the Ni atoms prefer to form pure icosahedral atomic
configurations, while local structures around the Pd and
P atoms are deformed. The partial persistent homol-
ogy analysis for investigating intermediate-range atomic
configurations around the Pd and Ni atoms reveals the
existence of large-sized rings. Although the relation of
the partial local structures and the glass-forming ability
still remain unsolved, this paper will give a new insight
in the structure-property relationship in metallic glasses.
Noted that to our knowledge, the present work is the first
experimental one that shows the existence of such large

rings in a metallic glass with an excellent glass-forming
ability.
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