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Polyamorphism in a metallic glass
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A metal, or an alloy, can often exist in more than one crystal
structure. The face-centred-cubic and body-centred-cubic forms
of iron (or steel) are a familiar example of such polymorphism.
When metallic materials are made in the amorphous form, is a
parallel ‘polyamorphism’ possible? So far, polyamorphic phase
transitions'” in the glassy state have been observed only in
glasses involving directional and open (such as tetrahedral*®)
coordination environments. Here, we report an in situ X-ray
diffraction observation of a pressure-induced transition between
two distinct amorphous polymorphs in a Ces;;Al;; metallic
glass. The large density difference observed between the
two polyamorphs is attributed to their different electronic
and atomic structures, in particular the bond shortening
revealed by ab initio modelling of the effects of f-electron
delocalization®* . This discovery offers a new perspective
of the amorphous state of metals, and has implications for
understanding the structure, evolution and properties of metallic
glasses and related liquids. Our work also opens a new avenue
towards technologically useful amorphous alloys that are
compositionally identical but with different thermodynamic,
functional and rheological properties' due to different bonding
and structural characteristics.

Polyamorphism"!!, the amorphous analogue of the well-
known crystalline polymorphism'?, refers to the transition between
different and distinct amorphous states (phases), where density, at
a fixed composition, is usually the order parameter. For glasses,
hydrostatic pressure is usually the thermodynamic variable used
to induce polyamorphism'”. Perhaps not surprisingly, all of
the materials reported to exhibit polyamorphism in the glassy
state, such as amorphous ice?, silica’, silicon*® and chalcogenide
glasses®, although having different characters in bonding, all
tend to involve directional coordination. This leads to an open
local environment that, under hydrostatic pressure, switches to
a more densely packed structure*’. Thermodynamically, such
polymorphic phase changes are often first-order transitions®”".
However, under pressure and at low temperatures, the transition
can be sluggish and hysteretic owing to kinetic reasons®"*. From
the perspective of an energy landscape, polyamorphism may be
attributed to visitations to distinct megabasins on the potential-
energy surface'.

Metallic glasses (MGs) including ‘bulk MGs’ are newcomers
to the glass family”®. They are distinctly different from the
traditional network-forming glasses, as they have metallic bonds
that are non-directional in nature. This invites the question: would
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polyamorphism ever occur in MGs? At first glance, it is tempting
to dismiss this possibility, because the as-prepared MGs are already
spatially compact. Indeed, the density increase under pressure has
been found to be gradual and completely reversible, as judged
from X-ray diffraction (XRD) patterns (one example is shown in
Supplementary Material, Fig. S1)'*'7. However, a qualitative and
abrupt change in electronic structure and bonding, an important
origin for polyamorphism, remains unexplored for metallic liquids
and glasses. Here, we report the behaviour of amorphous CessAl,s,
prepared using melt spinning (see the Methods section and
Supplementary Information, Fig. S2). In its crystalline form, Ce
is known to exhibit polymorphic transitions starting from rather
low pressures due to its strongly correlated 4f -electrons and their
delocalization®?, with large density changes'. For the melting
transition of Ce, the slope of the coexistence line in pressure—
temperature (P-T') space is negative".

Figure 1 shows synchrotron XRD patterns (see the Methods
section for details) of the Ces;sAl;sMG, obtained in situ as a
function of hydrostatic pressure. With increasing pressure, the
first sharp diffraction peak shifts to higher momentum transfer,
q, see Fig. la. This shift proceeds at a relatively fast pace over
the pressure range of 2-13 GPa (see Fig. 1¢). Accompanying this,
the diffraction intensity maxima between 3 and 4 A~! diminished,
whereas those between 4 and 5.5A~! intensified. The final XRD
features at 30 GPa are obviously different from those at ambient
pressure (see more detailed analysis below). This is the first sign
that a different amorphous phase has resulted. No crystallization
was observed from carefully inspecting the two-dimensional XRD
patterns recorded on the image plate.

Figure 1b shows the unloading process. There also seems to
be two regimes for the shift of the first peak. The gradual move
to lower g is slow over a wide range of pressure, and only
accelerates to a rapid pace in the last stage of decompression,
as marked in Fig. 1d. The same also happens for the features
between 3 and 6 A~!, which evolved in the direction reversing the
changes during compression. Moreover, by comparing the XRD
patterns at a given pressure during the loading and unloading
processes (see below), it is obvious that decompression did not
re-trace the behaviour during the compression, for a wide range
of pressures. This is quite different from the observation for
other MGs, for example, Supplementary Information, Fig. S1, and
the hysteresis is reminiscent of that observed in polyamorphic
transitions®. On decompression back to ambient pressure, the first
peak finally approached its original position before compression.
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Figure 1 XRD patterns of the CessAl,; metallic glass in a diamond anvil cell. a,b, XRD patterns obtained in sifu during the compression (a) and decompression (b)
experiments. ¢,d, The different behaviours of the XRD intensity peak shift with pressure: the arrow in ¢ illustrates a gradual movement during compression in the pressure
range from 2.0 to 13.5 GPa (marked with dashed lines), whereas the arrow in d marks the abrupt shift towards lower g, at around 2 GPa during decompression.

Essentially the same trends and conclusions were obtained in
analysing the structure factors derived from the XRD patterns, see
Supplementary Information, Fig. S3.

The XRD peak positions reflect changes in atomic density, so
it would be instructive to convert Fig. 1 into a plot of specific
volume versus pressure, see Fig. 2. The density of the glass was
determined using simulations (see the Methods section) rather
than by estimating using the position of the first peak alone®’.
In Fig. 2, we again observe a fast decrease of the average atomic
volume (corresponding to the density increase, as well as the shift
of XRD peaks towards higher g in Fig. 1) with increasing pressure.
Interestingly, the volume decrease did not follow the pressure—
volume (P-V) equation of state (EOS) predicted for this CessAls
glass, upper line in Fig. 2. This prediction was made using ab initio
calculations for the glass at room temperature, assuming that the
Ce f-electron is localized following the local density approximation
LDA+ U model (where U is the Hubbard term) used for crystalline
Ce (see the Methods section and Supplementary Information,
Fig. S4). Note that the calculated volume (or density), as well as
the structural features (see Supplementary Information, Fig. S5), is
in good agreement with that of the experimental sample at ambient
pressure (point A in Fig. 2). As seen in Fig. 2, the volume decrease
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with pressure begins to exhibit an obvious deviation from the
predicted curve at P > 2 GPa. The decrease is at such a pace that
at 13.5 GPa the volume in fact coincides with that expected for the
same glass when all of the f-electrons are delocalized (lower curve,
see the Methods section and Supplementary Information, Fig. $4).
Above this pressure, the P-V behaviour is in agreement with the
EOS prediction assuming delocalized f-electrons.

These results suggest that we have observed a polyamorphic
transition of the Ce—Al glass from a low-density state into a high-
density state (the density difference between the two states is as
large as 14% at ambient pressure, see Fig. 2). On decompression,
the volume closely follows the prediction for the high-density
phase, suggesting that the f-electrons remained largely delocalized,
until the pressure approached 2 GPa, around which a rapid return
to the low-density phase set in. To make sure that the data are
reproducible and sufficient data points are collected to substantiate
the conclusions, four different samples were studied in four
separate XRD runs at different times at the Advanced Photon
Source. These results are summarized using different symbols in
Fig. 2. It can be seen that the data sets are consistent with one
another. In all cases, the density after decompression back to
ambient pressure approached the original one, which is unlikely if
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Figure 2 Specific volume versus pressure for amorphous Ges;Al,s. Four different
symbols represent four different in situ XRD runs on four different samples. The open
symbols are for compression, and the solid symbols are for decompression. The EQS
predicted using first-principles calculations for different f-electron behaviours are
also shown: the upper line is for the case of localized 4 f-electrons from the LDA + U
calculation, and the lower line is from the LDA calculation assuming 4f
delocalization. For clarity, errors bars are shown only for one set of the data. The
vertical error bars represent the accuracy of density (specific volume) determined
using our modelling techniques. The horizontal error bars account for the small
pressure variation during the experiment (before and after the XRD run). See the text
for discussions of points A-D. Note the abrupt transition during decomposition.

crystallization occurred. For all four data sets, the decompression
data points below 13.5 GPa did not re-trace the compression ones.
Taken together, the information in Fig. 2 clearly demonstrates that
there are two amorphous phases with a large density disparity,
governed by two different equations of state, and the transition
between the low-density and high-density states is hysteretic.

Next, we analyse the structure factors to further demonstrate
that the two amorphous phases are structurally distinct and
correspond to the low-density and high-density forms modelled
using the f-electron localization/delocalization assumptions.
Figure 3 directly compares the XRD structure factor of the two glass
forms during compression (Fig.3a) and during decompression
(Fig. 3¢c), at about the same pressure. Specifically, we compare
the glass at 2.6 GPa during compression, when the glass is still
very close to the low-density form (point B in Fig. 2), and that
at 2.9 GPa during decompression (point D in Fig. 2), where the
alloy is mostly in its high-density state before an abrupt density
drop that is soon to begin. Clearly, the first peak positions are
different, and the rest of the features are also distinctly different
(see also the direct superposition in Supplementary Information,
Fig. S3¢). Moreover, the same figures show that these experimental
structure factors agree quite well with those calculated for the
low-density and high-density glasses that have different electronic
and atomic structures. The structure factor calculations were
made possible by using relatively large systems (100,000 atoms)
simulated using effective atomic potentials derived from ab initio
results using the inverse Monte Carlo (IMC) simulation method®
(see explanations in Supplementary Information, Fig. S5 for this
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structural modelling of point A in Fig. 2), see Fig. 3b,d. Meanwhile,
the simulated systems allow the extraction of the partial pair
distribution functions, which are also compared for the two glass
states (see Fig. 3b versus d), and other atomic packing details. These
figures are strongly suggestive of electronic and atomic structural
differences between the two amorphous phases. For the high-
density state (Fig. 3d), the Ce—Ce effective interatomic potential
derived exhibits a double-well (shell) feature, and correspondingly
there are two Ce-Ce nearest-neighbour coordination peaks
(shells), one of which has a much shortened bond length. The
short-range atomic structure changed accordingly. The nearest-
neighbour coordination numbers for Al and Ce (see Fig. 3d) are
12.3 (4.5 Al+7.8 Ce) and 13.6 (6.1 Al+ 7.5 Ce), respectively,
whereas in the low-density state, the coordination numbers are
10.9 (3.1 Al+ 7.8 Ce) for Al and 14.1 (5.7 Al+ 8.4 Ce) for Ce.
The single-peak Ce—Ce bond length distribution in the low-density
state (see Fig. 3b), in particular, is replaced by approximately 3.5 Ce
atoms in the inner shell (<3.1A) and 4.0 Ce atoms in the outer
shell for the high-density state. These structural differences are
responsible for the feature changes seen in the XRD patterns.

In Supplementary Information, Fig. S6, we also show that all of
the details in the experimental structure factor at 19.8 GPa (point
C in Fig. 2) do not agree with those simulated assuming f -electron
localization, but can be fully accounted for in a simulation of the
high-density glass. This match further rules out crystallization as a
cause for the changes in the XRD features, as all the distribution
functions in Supplementary Information, Fig. S6 clearly indicate
that the system is fully amorphous. Minor crystallization below the
detection limit, if any at all in the experimental samples, cannot
explain the large density increase in Fig. 2.

The f-electron delocalization promotes the low-lying
f-electrons to close to the Fermi level (E:), as shown in the
electron density of states shown in Fig. 4a,b. For crystalline Ce,
it is believed®! that the 4f-electron localization and screening
effects are responsible for the polymorphism. Under pressure, the
4f -electrons become more itinerant and participate in bonding as
the atomic overlap is increased®’. The transition of Ce crystal
from one face-centred-cubic state to another thus exhibits a
large volume collapse (~15% at 0.8 GPa at room temperature).
In our CessAlys glass, the electron density isosurface contours
from our ab initio calculations for the two amorphous states are
compared in Fig. 4c,d. It can be seen that pressure induces closer
Ce—Ce approaches/interactions and f-electron delocalization,
which enhances the electronic bonding, resulting in reduced
Ce—Ce interatomic distances (that is, pronounced Ce—Ce bond
shortening). The emergence of shortened Ce—Ce bonds is clearly
seen in the pair distribution function in Fig. 3d.

Pressure-induced qualitative changes in electronic interactions
resulting in bond shortening seem to be the origin of the
large volume reduction seen in our experiments, see Fig. 2. This
mechanism involves the changes in electronic bonding between
atoms, rather than the changes in atomic coordination alone or the
directionality of the covalent bonds. Here, both amorphous states
are metallic (Fig. 4), and the polyamorphic transition is abrupt
during decomposition (Fig. 2). The somewhat sluggish transition
during compression is probably due to the presence of Al atoms,
which renders the Ce—Ce approach difficult, and the inherent
variations of local atomic environments in the glass. Although
Ce is archetypal of localization—delocalization phenomenon and a
prominent example showing the associated drastic density changes,
it is by no means the only one. Electron evolution, for example,
from a more localized state to a more itinerant one as a function
of a thermodynamic parameter such as pressure, and the multiple-
or mixed-valence behaviour, are not uncommon for metallic
elements®>***. Dramatic bond shortening has been noticed in
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Figure 3 Comparison of the structure factors for the two amorphous polymorphs of Ces;Al,; at comparable pressures. a,b, For the low-density glass, during the initial
compression stage before transforming to the high-density state. ¢,d, For the high-density amorphous phase retained to a relatively low pressure. The structure factors
calculated for the two distinct amorphous states are also included in a and ¢ for comparison (see the Methods section). The total structure factors comprise the contributions
from the Faber—Ziman partial structure factors, and the weighted Faber—Ziman structure factors are indicated by dashed lines. The effective pair potentials V/(r) derived using
the IMC method (see the Methods section) on the basis of the ab initio results, and the pair distribution functions g(r) derived from the IMC models, are provided for the two

glass phases, in b and d, respectively.

Al-based MGs, although its electronic origin and the control of its
development are yet to be established. For a number of amorphous
metals and their alloys, anomalies have been observed in the liquid
state and in their melting/freezing behaviour***. Therefore, high-
density amorphous metals may exist for many MGs and their
parent metallic liquids. Phase changes associated with metallic
polyamorphism are thus possible in general, when the underlying
electronic interactions are altered abruptly under certain processing
or external forcing conditions, opening up a new area for future
research. The volume collapse and Kondo transition associated
with f-electron delocalization in strongly correlated systems is
also a subject of considerable interest in the condensed-matter
physics community®*, and remains to be systematically explored
in amorphous alloys.

METHODS

Metallic glass CessAlys (ribbons, ~30 pum thick, 5 mm wide) was prepared using
the single-roller melt-spinning technique. Its composition was confirmed to be
accurate within an error margin of 2.0% using energy-dispersive X-ray
spectroscopy. Using the Archimedes principle, the density of the sample under
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ambient pressure is measured to be 5.287 gcm™> (~0.035740.0003 A~> in
number density, corresponding to the specific volume in Fig. 2).

Three of the four sets of in situ high-pressure XRD experiments were
carried out at the ID-B station of the High Pressure Collaborative Access Team
(HPCAT), Advanced Photon Source (APS), Argonne National Laboratory.
Pressure in the range of 0—32 GPa was applied to the sample using a diamond
anvil cell (DAC, see the schematic diagram in Supplementary Information,

Fig. S7). The pressure was measured using the ruby fluorescence method. The
time interval between each pressure adjustment was ~45 min. Monochromatic
synchrotron X-ray beams were microfocused to ~15 um in diameter.

The energies of the incident beam were 28.27, 30.87 and 31.89 keV respectively,
allowing reliable diffraction patterns to be taken up to a scattering vector of
g~ 6.0 A" in the presence of the DAC. To resolve the structural evolution
more precisely, focused high-energy (100.23 keV, 1= 0.1239 A) XRD at the
1-ID beamline, APS, was used to collect the fourth set of diffraction data,
reaching a much larger momentum transfer q (~18 A~!) even at the high
pressures in the DAC.

Diffraction patterns were recorded on the MAR345 image plate at HPCAT
and the GE Angio amorphous Si detector at 1-ID and were then integrated
using the FIT2D program. Taking into account the background subtraction,
absorption correction, multiple-scattering correction and incoherent Compton
scattering, a new least-squares method was used to obtain the total structure
factors of the sample at each pressure (see Supplementary Information, Fig. S8).
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Figure 4 Comparison of spin-resolved electron density of states (D0S), obtained for the two amorphous Ces;Al,s phases. a, The LDA+ U calculation of the low-density
glass at 2.5 GPa, where the low-lying fband (colour shaded areas represent f electron states) indicates that the f-electrons are localized. b, The LDA calculation of the
high-density glass at 2.5 GPa, where the f-electrons become itinerant, participating in bonding. ¢,d, The two-dimensional projections of the 3D isosurfaces of the electron
charge density for the two calculations (LDA-+ Uversus LDA) in a,b. The strong bonding between Ce—Ce (with much shortened bond lengths) is apparent in the f-electron
delocalized glass (LDA calculation, d). The blue and green spheres mark the centres of the Ce and Al atoms, respectively.

Reproducibility was confirmed with multiple runs/samples (see Supplementary
Information, Fig. S7).

First-principles calculations on the basis of the density functional theory
were used, via ab initio molecular dynamics (MD) simulations as implemented
in the Vienna Ab-initio Simulation Package?® ‘VASP’, to achieve the atomic
configurations of the quenched glass, as well as its EOS. To model the dual
valance states of Ce (at ambient pressure, Ce remains purely trivalent in Ce—Al
amorphous alloy526; mixed valences, such as trivalent and tetravalent Ce, are
also of interest here), the amorphous Ce—Al was treated in two ways: the LDA
was assumed to describe the f-delocalized Ce, whereas the Hubbard U term
was added (that is, LDA + U) to model the f-localized Ce!’. For the latter
calculation, Dudarev’s approach®” was adopted, with the Hubbard U parameter
empirically set to be 5.6 eV. These ab initio models are used to represent the two
extremes of the f-electron behaviour. Projected augmented planewaves with
the LDA have been adopted®*?’.

Canonical NVT (constant number, volume, temperature) ensembles
containing 100 atoms with a periodic boundary condition were melted and
equilibrated at 1,500 K for 2,000 time steps (each time step represents 5 fs). The
temperature was controlled with a Nose-Hoover thermostat. The initial density
of the high-T liquid was adjusted to have a zero pressure on its inherent
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structure®. The quenching rate used to obtain the metallic glass was 20 K per
100 time steps. The ab initio MD was carried out only on the I" point, but for
the accurate electronic structure calculation (see Fig. 4), the Brillouin zone was
sampled with 3 x 3 x 3 Monkhorst-Pack k-point grids. A gaussian method was
used for the Fermi-surface smearing, with a width of 0.15eV.

At each volume (density) perturbation, the inherent structure was located
using the conjugated gradient method, and the pressure was calculated.

The inherent structure® corresponds to the minimum energy of the basin of
attraction, and is mechanically stable. By using this mechanical compression
method, the P-V curve (EOS) was obtained. Meanwhile, ab initio MD of the
inherent structures yields the ideal pair distribution functions at the designated
pressures, which are used for further structural modelling.

Larger systems with 100,000 atoms were generated using the IMC
method?, for calculation of structure factors that can be directly compared
with experiments. The newly generated atomic configurations have the same
pair distribution functions as that obtained from the ab initio MD (see
Supplementary Information, Fig. S5). These simulated systems were also used
to determine the density of experimental samples at different pressures: the size
of the simulation box was adjusted until the closest match (primarily the first
peak) between the experimental structure factor and the simulated one was
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found. When a best match between the theoretical and experimental structure 1
factor was desired, such as in Supplementary Information, Fig. S6, the
empirical potential structure refinement technique was applied®!. Geometrical
analysis on the atomic configurations, using the Voronoi tessellation method®,  »
yields information about the atomic packing, such as the bond lengths, atomic
coordination numbers, and bond-angle distribution.
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