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The local atomic structure of Al87Ni7Nd6 amorphous metallic glass was determined by neutron diffraction
and the pair density function(PDF) analysis. The local environments of the transition metal and rare earth ions
were separately determined using Ni(58Ni and 60Ni) and Nd(142Nd and144Nd) isotopes with very different
neutron scattering lengths to separate their contributions. A distinct pre-peak was observed in reciprocal space
indicative of clustering, a feature commonly present in good glass forming systems. The intensity of the
pre-peak changes significantly with the substitution of Ni isotope but not so with Nd, suggesting that the
transition metal is a major component to this peak. Such clustering might be a manifestation of chemical
short-range ordering that is enhanced with Ni. The local environments for the Ni and Nd ions determined by
the isotope difference PDF analysis are fundamentally distinct because Ni and Nd interact differently with Al
giving rise to unique topologies. In particular for Ni, Ni-Al bond lengths are anomalously short due to stronger
Ni-Al interactions and the local environment consists of distinct pair correlations. In contrast, the local Nd
environment is more disordered with two separate Nd-Al environments and possibly relatively weaker
interactions.
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I. INTRODUCTION

The synthesis of amorphous systems with a large glass
forming ability has been a long standing issue in the field of
metallic glasses. Only noble metal based amorphous alloys
such as Pd-Ni-P and Pt-Ni-P were produced in the past in
bulk amorphous form, until a new class of amorphous alloys,
zirconium and lanthanide based systems, was discovered.1

The reason for this is partly because glass formation is a very
complex phenomenon that has defied rigorous scientific un-
derstanding. Inoue2 had earlier suggested three general prin-
ciples to guide the development of new bulk amorphous al-
loys. These are as follows:(1) a system must contain more
than three elements;(2) the difference in the atomic size
among the main constituent elements must be larger than
10%; and(3) the heat of mixing among the constituent ele-
ments must have large negative values. More recent ad-
vances in the field have contributed to a better understanding
of the concepts and driving mechanisms possibly responsible
for glass formation. These are the introduction of the concept
of glass fragility by Angell,3 the measurement of fragility for
bulk glasses by Buschet al.,4 and the development of the
theory of atomic size factor in glass transition and glass
formability by Egami and Waseda.5

It appears that the key to glass formation is to slow down
the kinetics of crystallization in the supercooled liquid where
two factors can contribute to such a slowing down: the first is
low diffusivity in the supercooled liquid, and the second is a
small heat of crystallization, or increase in the stability of the
glass in the liquid state against crystallization. Many efforts
have been made to synthesize new kinds of amorphous al-

loys following these empirical rules as guidelines particu-
larly in the Zr and Al based systems6–8 with some success.
New amorphous alloys exhibiting a wide supercooled liquid
region before crystallization, greater than 50 degrees, were
found to form by melt spinning Zr-Al-M(M=Ni or Cu).
These alloys consist of elements with a significant distribu-
tion of their atomic sizes. The largest thickness reported for
the Zr system is claimed to be over 10 mm.9 The first suc-
cessful production of a homogeneously amorphous Al-based
alloy was achieved in Al-( Fe or Co)- B ternary alloys,10

followed by the production of Al-Fe-( Si or Ge) alloys.11

However, these ternary amorphous alloys are extremely
brittle and their tensile strength is as low as 50–150 MPa.

The discovery of a group of Al-TM-RE(TM= transition
metal, RE= rare earth) metallic glasses with a remarkably
high Al content (up to 90 at.%) were discovered indepen-
dently by He, Poon and Shiflet, and Tsai, Inoue and
Masumoto.6,12 Previously studied compositions for the Al-
TM-RE glass, where TM=iron, cobalt or nickel and RE
=yttrium, gadolinium or cerium, include Al87Ni5Y8,
Al90Fe5Ce5 and Al87Fe8.7Gd4.3.

6,13 The amorphous phase is
formed with an Al content as high as 84 at.% for samples
prepared by the magnetron sputtering process and as high as
90 at.% for samples prepared by the melt spinning process.
These materials are truly noncrystalline alloys and combine
the properties of a metal with the short range order of a glass.
They are very homogeneous and lack defects such as grain
boundaries and dislocations, typical of crystalline materials.
The homogeneity and lack of grain boundaries have led to a
number of remarkable mechanical and magnetic properties.14
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Neutron and x-ray structural studies of melt spun
Al90FexCe10−x alloys revealed strong interactions in the vicin-
ity of the first coordination sphere for Fe.15 The Fe-Al bond
lengths were found to be short with a suggested 8% contrac-
tion, and a low coordination number with a 45% reduction
from values based on dense-random-packing(DRP) of a
hard spheres model. However Ce-Al bonds showed rela-
tively smaller changes with a 5% reduction in the bond
length and a 13% reduction in the coordination number from
the expected values based on the DRP model. These anoma-
lous effects observed for the Fe-Al bonds in the amorphous
phase indicate a strong interaction between the Fe and Al
atoms that may be in response to the increase in the cova-
lency between the ions and a reduction in their metallic char-
acter.

In this paper, the atomic structure of the Al87Ni7Nd6

amorphous alloy using pulsed neutron diffraction is reported.
By using isotopes for Ni and Nd,58Ni, 60Ni, 142Nd and144Nd,
the local environments for the transition metal and the rare
earth ion were differentiated. From the atom specific struc-
ture function, a pre-peak at 1.5 Å−1 is identified that changes
intensity primarily with Ni isotopic substitution but very
little with Nd substitution. This is indicative for the presence
of chemical short range ordering(CSRO) that is enhanced by
the transition metal in this system. The CSRO has been ob-
served in other glass systems and is consistent with good
glass forming ability. The local atomic structure determined
by the isotope difference pair density function(DPDF) tech-
nique showed that the short range environment of Ni is sig-
nificantly different from that of Nd giving rise to a different
topological order for each element. The differences between
the two environments are not merely attributed to differences
in their atomic size but to their different interactions with Al.
In the case of Ni, the DPDF function corresponding to the
local structure consists of sharp features with well defined
peaks. The Ni-Al coordination consists of,11 nearest
neighbors which compares to the coordination number
calculated from a DRP model. This is markedly different
from the AlFeCe system where a reduced coordination num-
ber was observed. At the same time, the Ni-Al bond length
s2.46 Åd is shorter than expected assuming a metallic char-
acter of the bond similarly to what was observed for the
Fe-Al bond in the AlFeCe alloy. On the other hand, Nd’s
bonding to Al shows no contraction while two different local
Nd-Al environments are observed. The majority of Nd-Al
pairs are essentially described assuming metallic bonding
while a small number of Nd-Al pairs have slightly larger
bonds. In addition, the Nd-Al coordination is actually en-
hanced,,14 pairs for the first pair and,4 for the second
pair, not too far off the value of 16.4 calculated from a DRP
model. The local environment of Nd in the ternary glass is
comparable to the one found in the Al88Nd12 binary glass.
This suggests that Nd is the glass forming element that de-
stroys the Al crystallinity by the size effect, but its accom-
modation in the structure is nonspecific. On the other hand,
the addition of Ni improves the strength of the ternary glass
and its forming ability.

II. SAMPLE PREPARATION AND DATA ANALYSIS

A. Sample preparation

Five alloy ingots were prepared by melting nominal
amounts of high-purity elements in an arc furnace under a
partial argon atmosphere. The ingots were flipped over after
each melting to improve homogeneity. The total weight loss
after melting for 4 times was less than 0.6 wt%. One alloy
was made from naturally abundant Ni and Nd elements,
and four alloys were prepared using isotopes purchased from
Oak Ridge National Laboratory. The isotopes were
58Ni (99.93 at.%), 60Ni (99.69 at.%), 142Nd (97.86 at.%) and
144Nd (97.30 at.%) in metal form. Amorphous ribbons of
Al87Ni7Nd6 were prepared from the pre-alloyed ingot by the
single wheel melt-spinning technique under a partial helium
atmosphere using a copper wheel(20 cm in diameter) with a
typical circumferential velocity of 40 m/s. Typical dimen-
sions were 15 mm thick, 1–2 mm wide and up to several
meters long. The amorphous nature of the quenched ribbons
was verified by x-ray diffraction and transmission electron
microscopy. The melt spun ribbons were very flexible and
could easily be bent in half without fracturing. All samples
were prepared in identical conditions. The isotope alloys
consisted of Al87

58Ni7Nd6, Al87
60Ni7Nd6, Al87Ni7

142Nd6 and
Al87Ni7

144Ni6.

B. Neutron diffraction experiment and data analysis

The experiments were performed at the Intense Pulsed
Neutron Source(IPNS) of the Argonne National Laboratory
using the Special Environment Power Diffractometer
(SEPD) and data were collected at room temperature for a
total of 20 hours per sample in vacuum. About 3 grams of the
sample in a ribbon shape was used in each experiment and
loaded in a thin-walled vanadium can. The diffraction data
were corrected for the instrumental background, and vana-
dium container scattering, and were normalized by the spec-
trum flux obtained from measuring a vanadium rod. In addi-
tion, standard absorption, inelasticity and multiple scattering
corrections were applied. The structure function,SsQd, deter-
mined from the diffraction data of the 4 isotope alloys, was
normalized by the neutron scattering lengths for58Nisb
=14.4 fmd, 60Nisb=2.8 fmd, 142Ndsb=7.7 fmd and 144Ndsb
=2.8 fmd.16 The total structure factor for one elementa with
one isotope 1 can be written using the following expression:

S1sQd =
1

kb1l2Fscaba1d2SaasQd + 2caba1o
bÞa

cbbbSabsQd

+ o
bgÞa

cbbbcgbgSbgsQdG , s1d

kb1l = caba1 + o
bÞa

cbbb, s2d

whereQ is the momentum transfers4p sin u /ld, ca is the
atomic fraction, andba is the neutron scattering length of
element a with isotope 1.17 Data were collected up to
33 Å−1.
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The pair density function(PDF), rsrd, is a real space rep-
resentation of atomic correlations obtained through a Fourier
transformation of theSsQd:18

rsrd = r0 +
1

2p2r
E

0

Qmax

QfSsQd − 1gsinsQrddQ, s3d

where r0 is the average atomic number density of the
sample. The value ofr0 used in the analysis was,0.08. The
PDF function represents the probability of finding pairs of
atoms at a given distance.19 Theoretically the Fourier inte-
gration should be carried out toQ=`, but in reality it is
terminated to a finite value of Q determined by the wave-
length of the probe. The PDF’s of the isotope samples were
processed under identical conditions using the same termina-
tion Qmax as well as the same background subtraction. The
highestQmax used in the analysis was 27 Å−1. The subtrac-
tion of rsrd of one isotope material from the other at a con-
stant temperature provides the difference PDF(DPDF) with
respect to Ni or Nd.20 It is normalized by the corresponding
average scattering lengths,kb1l2, so that the true intensity is
recovered and the difference in the peak amplitude is only
due to the difference in the neutron scattering amplitude of
Ni or Nd:

DPDF =fkb58Nil2rsrd58Ni− kb60Nil2rsrd60Nig. s4d

The values ofkb1l2 are listed in Table I. A similar expression
can be written for Nd as well. Any pair that does not include
Ni (or Nd) will be subtracted out because their scattering
lengths do not change. The resulting DPDF provides the lo-
cal atomic structure with respect to Ni(or Nd). This allows
us to distinguish the contributions to the peaks from specific
elements. The subtraction is done both in real and in recip-
rocal space and the results are identical.20

The area under the PDF peaks corresponds to the coordi-
nation number between pairs of atoms at specific interatomic
distances. The number ofb atoms around ana atom is given
by the radial distribution function(RDF) (4pr2rsrd) using
the following expression:

Nab =E
rmin

rmax

4pr2rsrddr. s5d

If a peak is composed ofa and b bonds only,Nab can be
determined by integrating 4pr2rsrd over the region, incorpo-
rating the peak in question and multiplying it by
kbl2/cababb.

III. RESULTS

A. Chemical clustering

TheSsQd determined from the diffraction data for all five
samples are shown in Figs. 1–3. In Fig. 1, theSsQd for
Al87Ni7Nd6 without isotope substitution shows a small pre-
peak at,1.5 Å−1 in addition to the main features. The pre-
peak has been observed in other metallic glass systems as
well as in covalent glasses.15,21 Separate studies on Fe based
glasses have shown that the appearance of the pre-peak cor-
responds to good glass forming ability and an increase of the
bulk glass size.22 For example, in the ternary Fe68Zr10B22
glass, the pre-peak is absent from theSsQd, but when Mn is
added to the system the pre-peak emerges. With Mn, the bulk
glass formability improves and alloys can be prepared as
large ingots several millimeters in diameter.23 The pre-peak
arises from correlations in the medium range structure and

TABLE I. A list of kbl2 values used in the normalization of the
SsQd and PDF.

Alloy kbl2

Al87Ni7Nd6-natural 0.1750

Al87
58Ni7Nd6 0.1998

Al87
60Ni7Nd6 0.1338

Al87Ni7
144Nd6 0.1750

Al87Ni7
144Nd6 0.1513

FIG. 1. The total structure function for natural Al87Ni7Nd6.

FIG. 2. The structure function determined for Al87
58Ni7Nd6 is

compared to theSsQd for Al87
60Ni7Nd6. Also plotted in this figure is

the difference between the two isotopes. Note how the intensity
around the pre-peak region changes significantly with the58Ni iso-
tope in comparison to theSsQd for the natural sample. Data are only
plotted up to 10 Å−1 for clarity.
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serves as a signature for ordering. To determine the chemical
origin of this pre-peak, the Al glass was prepared using two
isotopes of Ni and Nd. The properties of the glass do not
change with the substitution. When Ni and Nd isotopes are
used, the differences observed in theSsQd’s shown in Figs. 2
and 3 are due to the difference in the scattering lengths of the
isotopes. When theSsQd of 58Ni is compared to theSsQd
determined for the glass using60Ni, the intensity of the pre-
peak decreases. The intensity changes because the neutron
scattering lengths for the two elements are substantially dif-
ferent.58Ni is a quite strong neutron scatterer and is over five
times stronger than60Ni. The difference between the two
structure functions also shown in the figure(lower plot) iso-
lates the contribution of Ni and makes it clear that the inten-
sity around the pre-peak region is affected with this isotopic
substitution. This indicates that Ni contributes significantly
to the pre-peak region of theSsQd.

With Nd isotopic substitution, very little change in the
intensity of the pre-peak is observed(Fig. 3). The difference
plot (the lower plot in Fig. 3) shows a slight modulation of
the intensity around the pre-peak region. Although the scat-
tering of the142Nd isotope is 234 times larger than144Nd and
it is not as strong of a neutron scatterer as Ni, Nd contributes
significantly less to the pre-peak than does Ni. Thus the pres-
ence of the pre-peak might suggest the existence of clusters
with Ni as the center atom. The coherence length of the
concentration fluctuations was estimated to be about 18 Å,
obtained by fitting a Gaussian function to the pre-peak. From
the position of the pre-peak it is possible to determine the
real-space modulation of such chemical short-range ordering
from RsÅd,7.5/QsÅ−1d, where RsÅd is the correlation
length between clusters.24 This corresponds to about 5 Å.

B. Local atomic structure

The total PDF determined from the neutron data collected
for natural Al87Ni7Nd6 is shown in Fig. 4(a). Since the total

PDF is a superposition of all pairs of atoms, it is difficult to
resolve individual contributions from different elements. The
first nearest neighbor peak in the total PDF consists of at
least three different pair correlations, Al–Al, Al–Ni and
Al–Nd. The overlap of the three pairs with somewhat differ-
ent bonds contributes to the peak width. Subsequent peaks
are even broader because of the overlap of several bonds
with very similar lengths, and becomes more difficult to re-
solve between pairs. With the isotope substitution, the inten-
sity is scaled by the scattering length as shown in Eq.(1),
and the DPDF is the difference of the scattering intensity
between two isotopes of the same element[Eq. (4)], elimi-
nating contributions from elements whoseb remains un-
changed. Figure 4(b) and 4(c) are plots of the DPDF’s for Ni
and Nd, respectively. The DPDF’s consist of pair correlations
that involve either Ni or Nd only, thus their local environ-
ments are resolved in a way analogous to the XAFS tech-
nique although the plots in Figs. 4(b) and 4(c) are not partial
functions.

1. Ni local environment

The first peak in the Ni-DPDF[Fig. 4(b)] at 2.46 Å is
quite sharp with FWHM.0.7, and corresponds to the first
nearest Ni-Al pairs. The sharpness of this peak indicates that
the Ni-Al bonds are about the same length in the entire
space. The second small peak at 3.4 Å corresponds to the
second nearest Ni-Al pairs. Subsequent peaks correspond to
Ni-Nd at ,5 Å and higher order Al-Ni and Ni-Ni correla-
tions. Note that if metallic radii are assumed for Ni-Nd, a
peak should appear at,3.06 Å but no such peak is ob-
served, suggesting that Ni and Nd ions are most likely repel-
ling each other. This could be a relevant factor to glass for-
mation where the solute ion repulsions might invoke
different interactions with the solvent. The first peak of the
Ni-Al pair is actually shorter than the expected sum of the
atomic radii for Als1.43 Åd and Nis1.24 Åd assuming me-
tallic bondings2.67 Åd by about 0.2 Å, an 8% contraction. A
similar effect was previously observed in the Al-Fe-Ce
system.15 The shortening of the Ni-Al bond indicates strong
Ni-Al interactions. From the electronic structure point of
view, it is possible that electrons with ansp character of the
Al atoms are transferred to thed states of the Ni atoms. Thus
Ni enhances interactions with Al as seen by the shortening of
Ni-Al bonds while topological short range ordering is in-
voked.

2. Nd local environment

The Nd-DPDF of Fig. 4(c) appears noisier because the
difference in the scattering intensity between the Nd isotopes
is smaller than for Ni but the main features are clearly dis-
tinguishable. The oscillations in the region prior to the first
peak at around 3.3 Å are due to small differences in the total
PDF’s for the two Nd isotope samples. This is because each
sample contains different amounts of small regions of crys-
talline Al. The first main peak is split to two corresponding
to two Nd-Al bonds. The region under the peaks was fit by
two Gaussians to separate their coordination as well as their
bond lengths. This yielded one Nd-Al bond centered at

FIG. 3. The structure function determined for Al87Ni7
142Nd6 is

compared to theSsQd for Al87Ni7
144Nd6. The difference between

the two isotopes shows a very small change in the intensity of the
pre-peak. Note how the intensity does not change much with the Nd
isotopic substitution.
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3.26 Å and another at 3.61 Å. Note that no Ni-Nd peak is
observed in this DPDF either, further supporting the notion
that Ni-Nd ions repel each other. The Nd-Al bond length at
3.26 Å is actually close to the expected value assuming me-
tallic bonding with no contraction. In addition, since no
chemical short-range ordering is promoted by Nd(no contri-
bution to the pre-peak) it might indicate that Nd is distrib-
uted randomly. The local structure of Nd is quite similar to
the one determined for binary glass Al88Nd12 (not shown).
This suggests that because of its size, Nd becomes the glass
forming element by destroying the Al crystallinity. On the
other hand, the glass strength appears to be increasing by Ni
alloying.

3. Al “local” environment

By subtracting the DPDF’s determined for Ni and Nd
from the total PDF, a function is obtained that mostly con-

sists of Al correlations[Fig. 4(d)]. This function is not an
Al-DPDF as in the other two cases, because it is not obtained
by considering the difference between two Al isotopes(Al
has only one isotope). Thus, in the Al-“DPDF,” a small con-
tribution from Ni and Nd pairs remains after the subtraction
because the Ni and Nd DPDF’s contain the difference of the
scattering length between the two isotopes of Ni and Nd and
not the actual values as in the total function. However, be-
cause of the high concentration of Al, the Ni and Nd contri-
butions are minimal. From this figure it can be seen that the
first peak corresponding to Al-Al correlations is quite broad.
Although the average metallic bond for Al-Al is 2.86 Å,
from the local atomic structure represented in this figure it
can be seen that three peaks are present in this glass, at 2.69,
2.82 and 3.10 Å obtained from fitting the peak by three
Gaussian functions. This suggests that the local structure of
Al is modified in the presence of the TM and the RE.

FIG. 4. (a) A plot of the total PDF for natural Al87Ni7Nd6. (b) A plot of the PDF for Al87
58Ni7Nd6 and Al87

60Ni7Nd6. Also shown in this
figure is the Ni-DPDF.(c) A plot of the PDF for Al87Ni7

142Nd6, Al87Ni7
144Nd6 and the Nd-DPDF. The DPDF of Nd is more noisy than that

for Ni because of the smaller difference in the scattering length between the two isotopes.(d) By subtracting the Ni- and Nd-DPDF’s from
the total PDF, the Al-“DPDF” is obtained that consists primarily of Al correlations.
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4. Local coordination

To quantify the number of pairs contributing to the local
environments around Ni and Nd, the coordination numbers
(CN) are estimated from Eq.(5). These are listed in Table II.
The Al coordination around Ni atoms calculated from the
area under the peak is about 11 for the first peak and 3.0 for
the second peak. The CN of the first nearest neighbor Al to
Nd is 13.7 and the CN of the next nearest neighbor is deter-
mined to be 4.0. These numbers can be directly compared to
the values estimated with the DRP model.25 Using a binary
glass as a model, Egamiet al.26 estimated the coordination
based on the size ratios between two species of atoms. Such
a model predicts the Al coordination number around Ni atom
to be 10.9, which is close to the coordination number found
experimentally for this system. For Nd, the calculated value
is estimated to be 16.4 which is not too far from the value
found experimentally.

IV. DISCUSSION

The results reported in this paper suggest a significant
departure from a homogeneous atomic arrangement. The
DPDF analysis shows that Ni and Nd atoms have very dif-
ferent local environments. Local Ni-Al clustering exists and
the shortening of the Al-Ni distance indicates strong interac-
tions between the two elements. On the other hand, the local
Nd environment is more disordered with two distinct distri-
butions of Al-Nd pair correlations and weaker clustering.

The combined local environments of Ni and Nd can form the
basic building block for constructing the entire structure.
There are indications however that the Al sublattice is not so
simple, as indicated by the “DPDF” for Al which would
make it physically difficult to fill the entire space by simply
considering the Ni and Nd environments. For this reason, it
would be necessary to consider the changes of the electronic
structure of Al in detail.27

The transition metal and the rare-earth ions have very
different local environments. In the case of Ni, the sharpness
of the DPDF features suggests that it forms a quasi-periodic
lattice with distinct pair correlations in space. Also, the ex-
istence of the pre-peak in reciprocal space supports the pres-
ence of compositional and geometrical order around Ni. The
sharpness of the first nearest neighbor Ni-Al peak indicates
that Al atoms surround the Ni uniformly. In contrast, the Nd
sublattice is not as well defined. Because of the larger size of
Nd compared to Ni, Nd atoms are coordinated with more Al
atoms than Ni. Evidence for Nd geometrical ordering is rela-
tively weak and the broadening of the DPDF local structure
peaks suggests that the arrangement of Al around Nd is less
specific.

Evidence for Ni-Nd direct bonds has also not been ob-
served and this suggests that interactions between these two
atoms are repulsive. They are connected indirectly through
Al atoms, supported by the existence of a second nearest Al
neighbor to Nd at 3.61 Å and a second nearest Al neighbor
to Ni at 3.4 Å. Therefore interactions between Ni and Nd
atoms are through second nearest Al neighbors. In conclu-
sion, the local atomic structure of the Al87Ni7Nd6 amorphous
alloy was investigated by pulsed neutron diffraction and the
isotope difference pair density function analysis method.
Both chemical and topological ordering are inferred from
these findings that are primarily attributed to be due to Ni. Ni
is what makes this glass strong.
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