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Core-level photoemission spectroscopy and anomalous x-ray scattering �AXS� measurements were per-
formed for the Pd42.5Ni7.5Cu30P20 �PNCP� excellent metallic glass to investigate the chemical nature and local
atomic structure, and the results were compared to those in Pd40Ni40P20 and Pd40Cu40P20. The P 2p core levels
clearly separate into two states, indicating that the P atoms have two different chemical sites, which is a strong
experimental proof for the existence of an elastic inhomogeneity. From the AXS close to the Pd K edge, a
specific Pd-P-Pd atomic configuration was observed, which is related to the stable state in the P 2p core levels.
All of the core levels measured in PNCP have the deepest binding energies among these glasses, indicating the
most stable electronic states. Local structure around the P atoms is discussed by the AXS data and a metastable
crystal appeared in a supercooled metallic alloy close to PNCP.
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I. INTRODUCTION

Disordered materials exhibit complex relaxation
processes,1 and the correlation between these dynamic pro-
cesses and the glass structure is one of the main issues in
glass science. One focus has been the tendency of the high-
frequency acoustic modes to disperse faster than expected
from measurements of the ultrasonic sound velocity. This
positive dispersion is frequently observed in many disor-
dered systems.2 For liquids, the positive dispersion may be
explained within the framework of generalized
hydrodynamics3 or mode-coupling theory.4 However, posi-
tive dispersion is also observed in glasses, e.g., silica glass5,6

and the phenomenon has been attributed to a residual fast
process in the glass.6

Ichitsubo et al.7 have recently carried out inelastic x-ray
scattering �IXS� measurements on Pd42.5Ni7.5Cu30P20
�PNCP�. They also performed ultrasonic measurements to
determine the elastic moduli at low temperatures,8 where any
residual processes in the glass should have been frozen out.
In those works, they have experimentally shown that the
sound velocity of the nanometer-wavelength acoustic
phonons exceeds that of millimeter wavelengths �the ultra-
sound velocity on the macroscopic scale� in this glass, when
the glass is completely frozen far below the glass transition
temperature. This can be viewed as an evidence that nano-
scale elastically harder regions exist in the glass matrix, and
hence, elastically softer regions should also be present so as
to realize the macroscopic elasticity.9 Theoretical evidence
for the elastic inhomogeneity was already given by Schirma-
cher et al.10,11 However, experimental evidence has not yet

been obtained in static points of view, such as atomic struc-
ture or electronic properties.

In another viewpoint of glass-forming ability �GFA�,
PNCP discovered in 1996 by Nishiyama and Inoue12 has at
present the lowest critical-cooling-rate �CCR� value of 0.067
K/s and can form a massive bulk glass with a diameter of
more than 40 mm.13 On the contrary, its underlying alloy
Pd40Ni40P20 �PNP� has a worse CCR of about 2 K/s �Ref. 14�
and Pd40Cu40P20 �PCP� shows a much worse CCR of more
than 103 K /s. Experimental attempts have not been per-
formed in the microscopic sense in detail, and thus, the ori-
gin of the excellent GFA in this glass has not yet been well
understood.

In this paper, we present results of core-level photoemis-
sion spectroscopy �PES� and anomalous x-ray scattering
�AXS� on these typical bulk metallic glasses �BMGs�. From
the determination of the chemical nature and the local struc-
ture of the constituent elements, we have found a firm evi-
dence for the existence of microscopic inhomogeneity ap-
pearing on the P sites, which may be related to the excellent
GFA of the PNCP metallic glass. We also found a special
Pd-P-Pd configuration from the AXS experiment, which may
act as a high stability against the crystallization.

The paper is organized as follows. In Sec. II, we briefly
describe experimental procedure of the core-level PES and
AXS measurements. Section III gives the results obtained,
and in Sec. IV, we discuss the local structure and the chemi-
cal nature in relation to the inhomogeneity and excellent
GFA in the PNCP metallic glass. Finally, we sum up our
present results.
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II. EXPERIMENTAL PROCEDURE

The PNCP and PNP rods with a diameter of 3 mm were
prepared as follows. Prior to making the master ingots, a
Pd-P prealloy was prepared using Pd and P polycrystals with
the purities of 99.95% and 99.9999%, respectively. Then,
master ingots were made by arc-melting mixtures of pure Pd,
Ni, Cu, and the prealloyed Pd-P in an Ar atmosphere. The
purities of Ni and Cu were 99.9% and 99.99%, respectively.
In order to eliminate heterogeneous nucleation due to oxide
contamination, a B2O3 flux treatment14 was repeatedly �typi-
cally ten times� carried out in a highly purified Ar atmo-
sphere with an O2 content of less than 10 ppm. The melts
were kept at about 1273 K for at least six days and then
quenched into iced water. The details of the sample prepara-
tion are given elsewhere.13 The PCP sample was prepared
from the melts using a rapid quenching technique. The ab-
sence of crystallinity in the samples was confirmed by x-ray
diffraction and calorimetry. Sample composition was
checked to be within 1% by electron-probe microanalysis
both before and after the experiments.

The core-level PES spectra were measured using a spec-
trometer at the beamline BL7 of Hiroshima Synchrotron Ra-
diation Center. Vacuum-ultraviolet photons generated from
the storage ring HiSOR with a ring energy of 700 MeV and
a ring current of 160–300 mA were monochromatized with a
Dragon-type monochromator covering incident photon en-
ergy values, h�, from 20 to 380 eV. A PES spectrometer with
a hemispherical photoelectron energy analyzer �GAMMA-
DATA SCIENTA SES2002� attached to the analyzer chamber
at the end station of BL7 was used for the core-level PES
experiments. The overall energy resolution of the PES spec-
trometer was set to be about 0.10 eV at h�=220 eV for the
Ni 3p, Cu 3p, and P 2p spectra, and about 0.53 eV at h�
=450 eV for the Pd 3d spectra. The details of the setup are
given elsewhere.15

All of the core-level PES spectra were collected at room
temperature. Clean surfaces were obtained by sputtering the
samples with Ar+ ions in a sample preparation chamber with
the base pressure below 1�10−10 mbar. No core spectra due
to oxygen or carbon contamination were visible within 24 h
after the sample surface cleaning, and the measurements
were performed within 12 h. The energies of all spectra were
defined with respect to the Fermi energy EF of the sample or
a freshly prepared Au film.

The AXS experiments were carried out at the beamline
BM02 of the European Synchrotron Radiation Facility
�ESRF�. For obtaining the differential structure factors,
�iS�Q�, around the Pd, Ni, and Cu atoms, two x-ray scatter-
ing experiments were performed in a reflection geometry at
incident x-ray energies below each K absorption edge, i.e.,

30 eV below the Pd K edge �24350 eV� or 20 eV below the
Ni K �8333 eV� and Cu K �8979 eV� edges, and 200 eV
below each K edges, using a standard �−2� diffractometer
installed at the beamline. Due to the high energy of the Pd K
edge, the measurable Q range was up to 180 nm−1, which is
very effective to suppress the truncation errors on calculating
the pair distribution functions, g�r�. The experimental setup,
in particular, the new detecting system using a graphite ana-
lyzer crystal, is given in detail elsewhere.16

Following the analyzing procedure given in Ref. 17, the
�iS�Q� close to the respective absorption edges were calcu-
lated from each pair of the scattering data. For each �iS�Q�,
the corresponding ith-edge-element-related partial structure
factors, Sij�Q�, dominate �iS�Q�. For example, Table I shows
the large contributions of Sij�Q� �more than 0.05� to the
�PdS�Q� and S�Q� of the PNCP alloy at the first maximum in
S�Q� at about 29 nm−1. The values slightly change with Q.
As clearly seen in the table, a large difference between the
�PdS�Q� and S�Q� is realized mainly in SPdPd�Q�, and the
others are very small.

III. RESULTS

Figure 1�a� shows the Pd 3d5/2 core-level PES spectra for
the PNCP, PNP, and PCP metallic glasses. For the PNP alloy,
the peak locates at about −335.55 eV. By replacing most of
the Ni atoms with Cu, the peak shifts toward the deeper
binding energy of about −335.95 eV in PNCP. With com-
plete replacement, the peak position returns to a shallower
binding energy of −335.60 eV in PCP. Thus, the Pd 3d5/2
core level of the PCNP alloy is about 0.4 eV deeper than
those of the other alloys. Figure 1�b� depicts the Ni 3p core
spectra of the PNP and PNCP alloys. The spectra comprise
the 3p3/2 and 3p1/2 contributions at about −66 and −68 eV,
respectively. Although the data of the PNCP alloy are rather
scattered due to the small Ni concentration, the peaks are
slightly shifted by about 0.2 eV. Figure 1�c� exhibits the
Cu 3p core spectra of the PNCP and PCP glasses, including
3p3/2 at about −74.5 eV and 3p1/2 at about −77.0 eV. The
PNCP glass has again a deeper binding energy of about 0.2
eV. As a result, all of the metallic elements show deeper
core-level binding energies in PNCP. A plausible interpreta-
tion is that charge transfer occurs from the metallic elements
to the metalloid P atoms causing a shift in the P core levels
toward shallower binding energies. However, the present
P 2p core-level PES measurements demonstrate much more
fruitful results.

Figure 2 shows the P 2p core spectra of the three glasses.
Except some small shoulders, the PNP spectrum is domi-
nated by only one pair of peaks, which can be assigned to the

TABLE I. The large contributions of Sij�Q� �more than 0.05� to the �PdS�Q� and S�Q� in the
Pd42.5Ni7.5Cu30P20 alloy at the first maximum in S�Q� at about 29 nm−1.

Pd-Pd Pd-Cu Pd-P Pd-Ni Cu-Cu

S�Q� 0.38 0.31 0.10 0.07 0.06

�PdS�Q� 0.56 0.29 0.08 0.07 �0�
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2p3/2 and 2p1/2 emissions at −129.3 and −130.2 eV, respec-
tively. If Ni is replaced by Cu, an additional pair appears in
PNCP spectrum at deeper binding energies, i.e., the 2p3/2 and
2p1/2 contributions at −129.8 and −130.7 eV, respectively.
Thus there are two energetically different states in the elec-
tronic structure of the P atoms in PNCP. By fully replacing
Ni with Cu, the intensity of the new P 2p pair increases, but
the peak positions of the whole spectra shift toward shal-
lower binding energies by about 0.3 eV.

The most important structural result obtained by the
present AXS experiment appears in �PdS�Q� for PNP, PNCP,
and PCP shown in Fig. 3 together with the corresponding
total structure factors S�Q�. Other partial information on the
�NiS�Q� and �CuS�Q� are given in Fig. 1 of Ref. 18. Al-
though all of the S�Q� spectra look similar, preshoulders are
observed at about 19 nm−1 in the Cu-containing PCNP and
PCP glasses, which is almost invisible in PNP. It should be
noted that these preshoulders become much more enhanced
in �PdS�Q�. Since the Pd-related partial correlations domi-
nate �PdS�Q� as shown in Table I, it is concluded that the
preshoulder originates from the Pd-Pd intermediate-range

correlations.18,19 From the Q position of the preshoulder, the
Pd-Pd correlation length is estimated to be 2� /19
�0.33 nm.

The differential pair-correlation functions �Pdg�r� were
obtained by Fourier transformation of the corresponding
�PdS�Q�. Figure 4 shows the differential radial distribution
functions �DRDF� 4�r2�0�Pdg�r� around the first peaks for
PNCP, PNP, and PCP, �0 being the number density. Due to
the wide Q range measured, the truncation errors are very
shallow in the DRDF, and appear mainly below 0.20 nm.

IV. DISCUSSION

First, we shall discuss the inhomogeneity of the micro-
structure in these BMGs. As seen in Fig. 2, the P 2p core
spectra in these three glasses have two sites, and that with the
deeper binding energy grows up by replacing the Ni atoms
with the Cu atoms. In order to clarify these spectral features,
data fits were performed by using a linear combination of a
Gaussian and a Lorentzian for each peak with a standard
background. The thin solid and thin dashed curves in Fig. 2
represent the two components with the deeper and shallower
binding energies in the P 2p core levels, respectively. The
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FIG. 1. �Color online� The PES spectra of �a� Pd 3d5/2, �b� Ni 3p, and �c� Cu 3p core levels for the PNCP, PNP, and PCP.
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portion of these specific P atoms can be estimated from the
area under the P 2p core spectra; about 8 % for PNP, about
25 % for PNCP, and about 30 % for PCP. Even in PNP, there
is a small portion of the component with deeper binding
energy, and it increases with Cu concentration.

It should be noted that the presence of such double P
chemical sites is a strong experimental proof for the exis-
tence of microscopic elastic inhomogeneity in the PNCP
glass, which was proposed by Ichitsubo et al.7 based on the
difference in sound velocities obtained from ultrasonic and
IXS measurements. However, the question remains, why the
P 2p core levels separate into two states in the present BMG
systems. A preliminary answer may be obtained from the
AXS data,18,19 which we have reanalyzed in order to link the
electronic and structural features for this paper.

In Fig. 4, the shoulders in the first peak of the DRDFs at
about 0.23 nm originate from the Pd-P correlation, which
were estimated by Park et al.20 for M-P �M: Pd, Ni, or Cu� in
PNP and Pd40Ni10Cu30P20 glasses by using their AXS data
close to the Ni and Cu K absorption edges and a topological
short-range order �TSRO� model using polyhedra clusters.
Combined with the Pd-Pd correlation length of about 0.33
nm obtained above, the Pd-P-Pd bond angle is estimated to
be between 85° and 92°, almost a right angle. It should be
noted that such a Pd-P-Pd bond with a right angle is not a
specific atomic configuration in the polyhedra clusters used
for the structural analysis by Park et al.,20 i.e., trigonal prism
capped with three half octahedra or transformed tetragonal
dodecahedron centered by a P atom.

Since the preshoulders in �PdS�Q� are small and highly
damped, parts of the P atoms may form such a specific
atomic configuration. The areas under the preshoulders are
closely correlated with the portion of the new sites appearing
in the P 2p core levels given in Fig. 2. These P sites are very
stable because their 2p core levels form new shoulders lo-
cated at about 0.5 eV lower than the original ones. The for-
mation of such a specific atomic configuration may act like a
glue to form a dense random packing configuration of me-
tallic elements.

Second, we shall discuss the excellent GFA of the PNCP
glass. Since the PCP glass shows a very poor GFA but has a
new P 2p core site and a preshoulder in �PdS�Q�, it is un-

likely that the existence of the intermediate Pd-P-Pd correla-
tions itself is directly related to the excellent GFA in the
PNCP glass as was stated in a previous paper.19

The energies of the center of gravity of P 2p3/2 peaks
obtained from the fits and reduced by the PNCP value are
given in Fig. 5 by the open circles as a function of the Cu
concentration. There seems to be a good relation between the
GFA and the P 2p3/2 binding energy. The fitted values of the
Pd 3d5/2, Ni 3p3/2, and Cu 3p3/2 peaks are also given by solid
circles, triangles, and squares, respectively. It is clearly ob-
served that all of the core levels in PNCP have the deepest
binding energies among these glasses, indicating a possibility
that the most excellent glass former PNCP has the most
stable electronic states.

Core-level PES works were performed by Alamgir et
al.21,22 for PdxNi80−xP20, where x=40 has the lowest CCR.
However, they found an almost linear variation in the P 2p
core-level energies with x, and constant values for the Pd 3d
and Ni 2p states. We think that charge transfer from the P
atoms to the metallic elements with x causes the large core
shifts, and hides small core shifts corresponding to the GFA
in PdxNi80−xP20.

The first peak position in the DRDFs seen in Fig. 4 is at
about 0.28 nm, which can be identified as the Pd-M �M: Pd,
Ni, or Cu� interatomic distances by the TSRO model.20 A
relation between the excellent GFA and the atomic structure
of PNCP is that the first peak in DRDF of PNCP shows the
longest atomic distance �0.285 nm� among the glasses �0.281
nm for PNP and 0.283 nm for PCP�. Similar results were also
presented in the previous AXS work with model calculation
�Table 2 of Ref. 20�, indicating a Pd-M �M: Pd or Ni� dis-
tance of 0.268 nm in the PNP glass and 0.280 nm in the
PdxNi80−xP20 alloy. It is also observed that the first peak of
the DRDFs in PNCP shows the highest peak height among
the three BMGs �223, 215, and 201 nm−1 for PNCP, PNP
and PCP, respectively�. The longest and sharpest first-
neighbor peak in the DRDF of PNCP may reveal that the Pd
sublattice has an atomic configuration with random packing
but gathered loosely.

Inoue23 reviewed the GFA of BMGs from the structural
points of view. Based on the previously reported experimen-
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tal data, he established that amorphous alloys with a good
GFA have �a� atomic configurations with a high degree of
dense random packing, �b� new local atomic configurations
different from those of the corresponding crystalline phases,
and �c� a homogeneous atomic configuration of the multi-
components on a long-range scale. The present AXS results
on the Pd sublattice may correspond to �a� and �c�. What is
observed in “�b� the new local atomic configurations” from
the present AXS and core-level PES works?

More than a half century ago, Frank24 postulated that
there is a significant amount of an icosahedral intermediate-
range order in supercooled melts, which consists of compact
arrangements of 13 atoms, and possesses a local energy be-
ing by 8.4 % smaller than that of dense-packed fcc or hcp
structure of the same number of atoms, if atomic interactions
are approximated by a Lennard-Jones potential. The exis-
tence of the icosahedral clusters has widely been discussed
for the metallic glasses as a structural origin of forming
stable glassy phases.

Another cluster model for transition-metal-metalloid
glassy systems was proposed by Gaskell,25,26 which is a
trigonal prism capped with three half octahedra centered on
the metalloid. This model was an analogy of a metal-
metalloid crystal, and its existence in a metallic glass was
confirmed by both studies of neutron scattering27 and 11B
NMR �Ref. 28� on Ni1−xBx metallic glasses. A similar crystal
analogy for Pd-P-based metallic glasses is a transformed te-
tragonal dodecahedron centered by a P atom, which was
found in Pd30Cu50P20 crystal.29 These two cluster models
were discussed for the previous AXS work by Park et al.20

In these models, however, a special Pd-P-Pd configuration
with a right bond angle found in the present AXS measure-
ment cannot be realized unless a large lattice distortion oc-
curs from them. Nishiyama and Inoue30 reported that the
generation and annihilation of a primary Pd15P2 phase with a
diameter of about 15 nm were observed in the supercooled
particle sample of Pd40Ni10Cu30P20 having a similar concen-
tration to the PNCP glass. This primary Pd15P2 crystal has a
large lattice parameter, but the P atoms are surrounded by a
Pd octahedron, having many Pd-P-Pd configurations with
right angle. They discussed that the existence of such a meta-
stable crystal-like cluster in Pd40Ni10Cu30P20 with a large lat-
tice parameter requires a significant change in the local struc-
ture of the alloy for the crystallization, and thus lead to the
high stability against it.

The present AXS result does support the existence of such
a cluster resembling the primary Pd15P2 crystal in PNCP.
However, it is not true that a larger number of the special
Pd-P-Pd configurations make the GFA better, which is dis-
tinct in the PCP case. As usually discussed in this field, the
competition between the stability of the glassy and crystal-

line states is essential to the GFA of metallic glasses. In
particular, a steep threshold of the GFA does exist between
the PNCP and PCP although the main difference is only the
existence of 7.5 at. % of Ni atoms. Thus, a precise determi-
nation of the local structures in these glasses is extremely
important for the understanding of the mechanism of the
excellent GFA of the PNCP glass.

For further structural analysis, however, it is still very
difficult to precisely model the local structure of the PNCP
glass because information on the P site can hardly be ob-
tained from the AXS experiment due to the small scattering
cross section �almost a half of Ni and Cu, and one third of
Pd� and the very low energy of the K absorption edge �2149
eV� of the P element compared to the other transition metals.
On the other hand, neutron scattering may be a good tool to
investigate the local structure around the P atoms since the
neutron-scattering length of P is comparable to those of the
other transition metals. Also, an XAFS experiment becomes
nowadays possible to perform close to such a low x-ray en-
ergy of P K edge. After obtaining the local structure around
the P atoms by these methods, we will construct a much
more reliable atomic configuration model with the help of a
reverse Monte Carlo modeling analysis.

V. CONCLUSION

In order to find experimental evidence for the inhomoge-
neity in the excellent PNCP BMG, core-level PES and AXS
measurements were performed, and the results were com-
pared to those in PNP and PCP. The P 2p core levels clearly
separate into two states, indicating that the P atoms have two
different chemical sites, which is a strong experimental proof
for the existence of the elastic inhomogeneity. From the AXS
close to the Pd K edge, a special Pd-P-Pd atomic configura-
tion was observed, which is related to the stable site in the
P 2p core levels. All of the core levels measured in PNCP
have the deepest binding energies among these glasses, indi-
cating the most stable electronic states. Local structure
around the P atoms is discussed by the AXS data and a
metastable crystal appeared in a supercooled
Pd40Ni10Cu30P20.
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