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The local structure in a Pd40Ni40P20 bulk metallic glass was examined using a spherical-aberration-corrected
high resolution TEM. Fcc-Pd�Ni� type nanoclusters and local compound �phosphide�-like nanoclusters with
sizes of 1–2 nm embedded in a dense-randomly-packed amorphous matrix were clearly observed under an
appropriate imaging condition. However, three-dimensional atom-probe elemental mapping revealed there is
virtually no nanoscale compositional difference between the nanoclusters and amorphous matrix beyond the
statistical error range. A very small interfacial energy between the nanophase and the matrix is able to form a
metastable amorphous phase with a structural fluctuation.
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Some metallic glass systems to form bulk metallic glasses
have been found in recent years.1,2 Atomic arrangements of
metallic glasses have been attracting much interest especially
for glasses with a large glass forming ability in order to find
the structural reason for the good glass forming alloys. Since
metallic glasses are generally formed using eutectic alloy
systems �especially with deep eutectic temperatures�, local
structural and compositional fluctuations are considered to
occur during their glass forming process of cooling when
metal atom diffusion is not interrupted during cooling. Such
local fluctuations presumably accompany the local atomic
order beyond the nearest neighbor distances �called medium
range order �MRO��, and are correlated with the nanoscale
phase separation �decomposition�. The bulk form of
Pd40Ni40P20 glass was first obtained by Drehman et al.3 Sub-
sequently, scanning calorimetry4 and TEM studies5,6 were
performed on the annealing stage of this alloy with P com-
positions less than 19 at. %, and amorphous phase separation
and PdNi fcc nanocrystal formation on annealing were
discussed.3,6 No study has since been done to know details of
the local structures not only of the annealed state, but also of
the as formed state of the bulk Pd-Ni-P glasses. Using high
resolution electron microscopy �HREM� and nanobeam elec-
tron diffraction, the present authors have observed glass
structures with nanoscale phase separation in Pd-Si �Ref. 7�
and Fe-Nb-B �Ref. 8� glasses through local structural fluc-
tuations. In this sense, MRO structures or nanoscale local
structures with structural and compositional fluctuations in
this bulk metallic Pd-Ni-P glass warrant a thorough investi-
gation using HREM.

Attempts to directly observe metallic glass local struc-
tures by the HREM especially to image the MRO structures
began in the late 1970s.9 It was then realized that a sharp
atomic image of local structures by this technique was not
possible, mainly because a strong background noise arising
from an electron optical function produced by spherical ab-
erration of objective lens and defocus. This electron optical
function ruling over a phase change in the phase contrast
imaging is known as “phase contrast transfer function”
�PCTF�.10,11 For imaging of local crystalline nanoclusters in
amorphous alloys, experimental efforts to minimize the

background noise caused by the PCTF have only limited
success.12–15 As a result, the morphologies of these nanoclus-
ters, such as size distribution and degree of lattice distortion,
could not be accurately measured. In addition, chemical
compositions of these local structures were difficult to deter-
mine because of the lack of the proper analytical tool.

Recent advances of the HREM, especially with the
availability of spherical-aberration-corrected �CS corrected�
atomic imaging, made it possible to directly observe local
structures in the atomic scale. CS corrected atomic imaging
has now been developed for both conventional type16 and
scanning transmission type17 TEMs. For instance, subang-
strom atomic imaging,18 local crystallinity of amorphous
Si,19 interfacial structure of SiO2/Si,20 and atomic arrange-
ments in semiconductors21,22 have been demonstrated using
the CS corrected TEM. In order to clarify, primarily, size
distribution and lattice distortion of the nanoclusters, thus,
we used a CS corrected TEM �200 kV� to directly observe
local atomic structure in a Pd40Ni40P20 glass in the present
study.

Prior to using CS corrected TEM, local structures of the
Pd40Ni40P20 were initially examined using a conventional
high-resolution TEM �JEM-3000F, 300 kV, CS=0.6 mm�. A
bulk amorphous Pd40Ni40P20 sample with a diameter of
5 mm and 50 mm long was fabricated by a Cu mold casting
method. The amorphous structure was confirmed by x-ray
diffraction. For the TEM observations, a thin slice of the cast
rod was mechanically thinned down to about 20 �m in flow-
ing water, followed by a conventional ion thinning. Despite
the fact that selected area electron diffraction shows a typical
halo pattern, local lattice fringes extending to �2 nm can be
readily seen in the specimen. HREM images from two adja-
cent areas are shown in Figs. 1�a� and 1�b�, which were taken
near the optimum defocus condition of �f �110 nm �under-
focus�. Such local lattice images as seen in Fig. 1 were also
observed in a specimen prepared by electrolytic thinning. In
Fig. 1, fcc-Pd type clusters with the �100� and �110� orienta-
tions are indicated in regions A and B, respectively. From the
fringe spacings and fringe intersecting angles, these regions
can be identified as fcc-Pd type clusters.7,14 However, al-
though these fcc clusters are identifiable, quantitative infor-
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mation such as the exact size and the degree of distortion
cannot be accurately measured because of a high background
image noise.

Before using CS corrected TEM �200 kV�, we further cal-
culated through focus axial beam HREM images for a struc-
ture model under different Cs values in order to find the
optimum Cs and defocusing conditions for clear imaging. We
constructed a structure model based on the observation of the
fcc type clusters �Fig. 1� in which four fcc clusters �with Pd
and Ni at the fcc lattice sites, and P at both the substitutional
and interstitial sites� were inserted into a DRP matrix con-
sisting of Pd, Ni, and P atoms. The composition of the clus-
ters was fixed at Pd40Ni40P20, the same as that of the DRP
matrix. The model structure is a tetragonal cell with dimen-
sions of 4.2 nm�4.2 nm�5.0 nm. In this cell, two fcc clus-
ters with a diameter of 2 nm are �110� and �100� orientated,
and another two are �110� orientated but with different diam-
eters of 1.5 and 1.0 nm. All the fcc clusters were placed at
the middle distance of cell along the tetragonal long axis
�defined here as c axis�. The total number of atoms in the
tetragonal cell was 6221 determined after the measurement
of physical density of the specimen �9.4 g/cm3�. The model
structure viewed along the c axis �beam direction� is sche-
matically illustrated in Fig. 2�a�. The DRP matrix structure
was initially constructed using a molecular dynamics tech-
nique under a periodic boundary condition, followed by re-
placing DRP regions with the four clusters. After the replace-
ment, DRP atoms in the vicinity of these fcc clusters were
relaxed using Lennard-Jones type atomic potentials. For im-
age simulations, the direction of observation �i.e., beam di-
rection� was chosen to be along the c axis. The multislice
calculation technique with a fast Fourier transform23 �FFT�
was used, which included, in the present case, an aberration
function with the third and fifth order spherical aberration
constants, CS3 and CS5, respectively.24 The value of CS3 �gen-
erally assigned as Cs� is variable by the Cs corrector, and the
value of CS5 was taken as 5 mm according to the design of
the objective and CS corrector lenses of the present CS
corrector.25 The envelope function due to beam
convergence26 and chromatic aberration27 was also taken into
consideration �beam divergence: 1�10−3 rad; energy spread
transferred to defocus: 6 nm�. According to the simulations it
was concluded that the quality of local lattice images from
the fcc clusters is significantly improved when CS�20 �m,
especially at a small �f value. In Figs. 2�b�–2�d�, a set of

simulated HREM images for the structure model is shown
which were calculated under the CS value of 2 �m and under
the defocus values of 0, 5, and 9 nm �underfocus�. It is noted
that under the defocus �f =0 nm, we have almost no contrast
of the fcc cluster images. On the other hand, under �f
=5 nm, images �dark dots represent Pd atoms� at regions A
and B are so sharp that the cluster size as well as shapes can
be irrevocably identified. At a higher �f value �e.g., �f
�9 nm�, however, the background noise intensifies and the
boundary between the cluster and the matrix became blurry.
From the simulated images it is particularly noted that, al-
though embedded 2 nm crystalline clusters can be sharply
imaged under appropriate imaging conditions, it is extremely
difficult to capture the lattice images of clusters smaller than
1 nm. For instance, lattice image of the �110� oriented 1 nm
fcc cluster �region D in Fig. 2�a�� is not discernible unless at
�f =5 nm and CS=2 �m. Simulated images at CS=0 or less
�e.g., CS=−2,−12 �m� are essentially almost the same as
those obtained at CS=2 �m.

To conduct structure observation, a CS corrected TEM,
JEM-2010FC operated at 200 kV, was used. In the specimen
preparation especially for the Cs corrected TEM study, the
ion milling was initially performed using PIPS �Gatan
model� with a voltage of 2 kV and at a low glancing angle of
3°, followed by a final thinning at a low voltage of at 200 V
and a glancing angle of 10° �Techno-Linda model�.

We performed a through-focus imaging of the structure of
the present Pd-Ni-P by using the same CS value of 2 �m.
Images taken at �f values of 1, 5, and 9 nm �underfocus� are
shown in Figs. 3�a�–3�c�, respectively. Atomic image con-
trasts of crystalline cluster as a function of �f are noted to
agree remarkably well with those from simulations. Specifi-

FIG. 1. High resolution TEM image of Pd40Cu40P20 BMG taken
by a conventional TEM �CS=0.6 mm� at �f~110 nm. Crossed lat-
tice fringe regions resembling �110� and �100� oriented fcc-Pd�Ni,P�
clusters can be seen at A and B, respectively.

FIG. 2. �a� Structure model �schematic� of Pd40Cu40P20 with
fcc-Pd�Ni,P� clusters embedded in a DRP matrix viewed along the
beam direction. Structure size: 4.2 nm�4.2 nm�5.0 nm. The
beam direction: along the thickness of 5.0 nm. Cluster sizes: 2 nm
for A and B clusters, 1.5 nm for C and 1 nm for D. Cluster orien-
tations: �110� for B, C, and D, and �100� for A. �b�–�d� Simulated
through-focus images of the CS corrected TEM for the structure in
�a� for CS=2 �m. Defocus values are: �b� 0 nm, �c� 5 nm, and �d�
9 nm �underfocus�.
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cally, at �f �0–1 nm the image contrast is low and no clus-
ter is revealed, but at �f =5 nm, extended local clusters are
clearly observed with dark spots representing atomic posi-
tions in the encircled regions in Fig. 3�b�. At an increasing
�f value of 9 nm, images of these clusters gradually shrink
as the background contrast increases. From the spacings and
intersecting angles of the lattice fringes, images at A and B in
Fig. 3�b� are readily identified as �100�- and �110�-oriented
fcc-Pd-type clusters. Whereas cluster B appears to be spheri-
cal, cluster A is ellipsoidal, suggesting there exists a struc-
tural anisotropy. The average lattice parameter of cluster A
was determined to be 0.411 nm from the fringe spacings �for
calibration, we used lattice images of Au particles as stan-
dard�. This value is larger than the lattice parameters for both
fcc-Pd �0.389 nm� and fcc-Ni �0.352 nm�. Atomic radii of
Pd, Ni, and P, are 0.137, 0.124, and 0.106 nm, respectively,
which are relatively close to one another. Pd and Ni form a
complete solid solution. Additional P can occupy either sub-
stitutional or interstitial sites. From the observed lattice pa-
rameter of the cluster, it is conceivable that the fcc clusters
contain significant amount of P atoms at the interstices. The
clusters can thus be denoted as fcc-Pd �Ni,P� or fcc-
�Pd,Ni,P�. The lattice image geometries of clusters C and D
are somewhat similar to those �110� lattice image of fcc-
Pd�Ni,P�, having similar lattice fringe spacings. However, in
each of these images the angle between the two sets of lattice
fringes differs by about 15° from that of the �110� fcc-
Pd�Ni,P� image �cf. cross angles for clusters B, C, and D�.
The lattice images in C and D are, in fact, quite similar to the

image of �12̄4� Ni2P. From these sharp local nanosized crys-
talline cluster images it was concluded that a “nanoscale
phase separation” with the formation of fcc-Pd�Ni,P� and
phosphide nanophases takes place during cooling of Pd-Ni-P
melt. It should be noted that in the HREM the crystalline
cluster regions with sizes larger than 2 nm were not fre-
quently observed, but in most cases the cluster sizes were as
small as 1 nm as seen in Fig. 3�b� as clusters B, C, and D.

Although we can nicely identify the structure of nanoclus-
ters in the Pd-Ni-P metallic glass using a Cs corrected
HREM, the Cs corrected HREM cannot provide the chemical
information of the nanoclusters. To obtain the chemical com-
position of these fcc nanoclusters we further carried out atom
probe �AP� elemental mapping analysis using a 3D AP
equipped with a tomographic atom probe detection system
�CAMECA�. The specimen for AP imaging was prepared by
electrolytic thinning. A 3D AP elemental mapping was per-
formed for Pd, Ni, and P distributed in a cell of 40 nm

�10 nm�9 nm in the as formed specimen. The chemical
composition measured by the 3D AP was Pd40Ni37P23, and is
almost equal to the nominal composition of the specimen. It
was found that Pd, Ni, and P atoms are distributed rather
uniformly in the entire cell. Figure 4 shows a set of 3D AP
compositional profiles taken from a small cell �2 nm
�2 nm�40 nm�. It is evident that there is no clear compo-
sitional modulation even in the nanoscale, nor clear correla-
tions between the compositional changes for Pd, Ni, and P
atoms are observed in the figure. Although nanometer sized
clusters �or MROs� are embedded in the amorphous matrix,
their chemical compositions appear to be essentially the
same as the composition of the matrix. However, we cannot
exclude the possibility of having a small local compositional
variation because of the large statistical errors in the 3D AP
imaging when the examining area is at nanosize. It is con-
ceivable that atom distribution in the liquid state was initially
random. During cooling, short range atomic diffusion, as
small as one to two atomic distance, can still take place to

FIG. 3. High-resolution im-
ages taken by a CS corrected TEM
at CS=2 �m and �f �1 nm �a�,
5 nm �b�, and 9 nm �c�.

FIG. 4. Compositional changes of Pd�a�, Ni�b�, and P�c� within
a area of 2 nm�2 nm�40 nm in the Pd40Cu40P20 bulk metallic
glass. The compositional profiles were taken from the 3D AP el-
emental map with a cell size of 9 nm�10 nm�40 nm. In the fig-
ures �a�, �b�, and �c� dotted-lines correspond to statistical error
ranges �2��.
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minimize the local free energy. This atomic rearrangement
can cause a small local compositional fluctuation, but it is
within the detection error of the 3D AP. Also, this small local
compositional fluctuation can trigger the subsequent local
structural variation and result in the nanoscale phase separa-
tion. Since an appreciable compositional variation is negli-
gible, the interfacial energy between the nanoclusters and the
matrix is very small; this stabilizes the metastable amor-
phous phase with a structural fluctuation.

As suggested by the 3D-AP study, there is no clear com-
positional variation throughout the specimen. This means
that the atomic composition distribution is almost the same
as that in the liquid state, and no local primary phase nucle-
ation and growth was occurring during quenching. Suppos-
ing that the fcc nanoclusters observed are all potentially nu-
clei, the final number density of the primary phase �fcc-Pd�
must be as large as 1025/m3 or more, which is 14 order of
magnitude larger than the real number density.28 From the
above considerations most of the presently observed fcc-Pd
type nanoclusters in the amorphous Pd-Ni-P structure cannot
be taken as quenched in nuclei of the primary phase in crys-
tallization. After the classical nucleation and growth theory,
most of the observed local ordered regions can be called
“crystal embryos.”29 fcc nanoclusters larger than 2 or 3 nm
�with less observation chances� may have a possibility to be
taken as quenched in nuclei, but we have no evidence at this
moment. We need a further detailed experimental study to
know a role of the nanoclusters on the primary crystallization
process using a HREM observation, together with a theoret-
ical study for the correct estimation of the critical size.

As discussed before, a large lattice distortion exists in
some nanoclusters �Fig. 3�b��. The distortion is mainly
caused by the substitution of large Pd atoms with smaller P
atoms, or the insertion of P atoms into interstitial sites. The
heavily deformed crystalline clusters are accompanied by a
diffuse structural interface between the clusters and the

amorphous matrix. This is why diffraction from a glass struc-
ture containing such nanoclusters often exhibits a typical
halo pattern.15

In summary, we used a high resolution TEM attached
with a CS corrector for aberration correction to examine
MRO structures in a Pd40Ni40P20 bulk metallic glass. We
demonstrated that, when the spherical aberration constant
was close to zero and the defocus value was near the Gauss-
ian focus, sharp lattice images of crystalline nanoclusters
with a size of �1–2 nm can be clearly identified. These
nanoclusters identified are with an fcc-Pd type structure, and
also with a compound �phosphide� structure. These nanoclus-
ters are largely distorted because of the possible inclusion of
a significant amount of P atoms. 3D AP analysis in the
present study did not show an appreciable compositional
variation in space in the as-formed state, suggesting “nanos-
cale phase separation” in the present material does not nec-
essary accompany an appreciable amount of compositional
fluctuation. It is possible that the nm sized structural modu-
lation initially observed by the TEM near Tg in the annealed
Pd-Ni-P glass6 corresponds to the development of the present
type of nanoscale phase decomposed structure. The esti-
mated density of the nanoclusters was found extremely high.
The role of these nanoclusters on the subsequent crystalliza-
tion behavior of the alloy is yet to be studied.
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