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Pressure-induced structural crossover in a Zrg;Ni3s metallic glass
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The local atomic structure has long been recognized as a predominant characteristic and key to understanding
glassy structures and properties. However, the factors governing the formation and evolution of these structures
in metallic glasses remain elusive. Herein, we report an unexpected local structural crossover under pressure in a
simple binary Zrgs Niss metallic glass consisting of pure transition metals, evidenced by in situ high-pressure syn-
chrotron x-ray diffraction and electrical resistivity measurements combined with ab initio molecular dynamics
simulations. While the specific volume of the metallic glass (MG) follows a single-phase compression behavior
without an apparent volume collapse, detailed analysis of the structural properties using structure factor, reduced
pair-distribution function, and simulations reveals sharp changes of the Ni-centered clusters at ~20 GPa in terms
of their coordination numbers, atomic pair distances, and Voronoi polyhedra. This structural crossover is found
to be closely linked to the enhanced contribution of the Ni d orbital to the electron density of state at the Fermi
level under high pressures. These results underscore the correlation between the local atomic structure and the
intricate electronic structure, particularly the 3d electronic structure, in transition-metal MGs, which sheds light
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on the stability characteristics of local structures in MGs from an electronic structure point of view.
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I. INTRODUCTION

Comprehending the disordered atomic structure of glasses
has remained a persistent challenge, impeding the targeted de-
sign and development of glasses at the atomic scale. Metallic
glasses (MGs), with densely packed atomic structures result-
ing primarily from nondirectional metallic bonds, provide
ideal “simple” model systems to address various glass prob-
lems [1-3]. Despite the lack of well-defined structural models
for describing glass structures, it is widely accepted that local
structures such as topological and chemical short-range order,
along with medium-range order (MRO), play pivotal roles in
understanding MGs [4-9].

External stimuli are recognized as potent tools for instigat-
ing structural modulation of disordered materials, presenting
a powerful pathway for deeper exploration of their struc-
tural intricacies. Pressure, as a fundamental thermodynamic
variable, has proven to be an effective and clean means of
modulating the structures and properties of materials [10].
As applied pressure increases, the sample volume decreases,
resulting in reduced interatomic distances and even significant
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modification of the electronic structure and chemical bonding.
For most disordered materials, compression typically results
in a more densely packed structure, often related to the varia-
tion in the packing scheme [11-13].

In the case of MGs, the typical densification effect induced
by pressure is often negligible due to their inherently densely
packed atomic structures under ambient conditions [4,14].
Recently, there has been a growing recognition that chemi-
cal interaction between different elements, or their electronic
structures, could play a critical role in determining the atomic
structures and properties of MGs, which could be highly
tunable under high pressure. For instance, pressure-induced
structural changes, such as polyamorphism in MGs, primar-
ily arise from changes in the electronic structures [15-21].
Therefore, it is not surprising that in previous high-pressure
experiments, pressure-induced polyamorphism or electronic
structural changes has never been observed in the MGs sys-
tems comprising only regular transition metals with similar
pressure-stable electronic structures, such as the prototype
Zr-Cu MGs [22-24]. X-ray-diffraction (XRD) patterns taken
on many MGs under high pressure typically retain a similar
profile to that at ambient pressure, i.e., shifting elastically
during compression [25]. Although the atomic structures
of Zr-Cu and Zr-Ni binary MGs are similar, the distinc-
tions in their electronic structures result in some discernible
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FIG. 1. Characterization of glassy features of the ZrgsNiss MG sample at ambient pressure. (a) Synchrotron XRD revealing a typical
amorphous peak. (b) DSC trace determining the glass transition (7) and crystallization (7;) temperatures.

differences in properties [26—28]. Therefore, Zr-Cu and Zr-
Ni MGs serve as ideal model systems to address the effect
of electronic structure on MG structures, particularly with
gradual modification and potentially amplified distinctions by
high-pressure compression [29,30].

In this paper, we report a pressure-induced local struc-
tural crossover in a binary ZresNizs MG. Through in situ
high-pressure synchrotron XRD, we monitor the atomic struc-
ture evolution of the ZrgsNizs MG up to 40 GPa. Consistent
findings from the structure factor, S(g), and the reduced
pair-distribution function, G(r), confirm the occurrence of lo-
cal structural crossover during compression at approximately
20 GPa, but without any noticeable volume collapses or devi-
ations from the initial trend. Analysis of the nearest-neighbor
coordinate number (CN) and Voronoi polyhedral (VP) in-
dices highlights that the structural crossover mainly involves
the reconfiguration of Ni-centered clusters. Furthermore,
in situ high-pressure electrical resistivity experiments reveal
corresponding changes at the same critical pressure. These
intriguing changes coincide with the modification of the Ni
3d orbital near ~20 GPa, as elucidated by electronic structure
calculations.

II. EXPERIMENTAL METHODS

A binary ZrgsNiss (at. %) master ingot was prepared by arc
melting of high-purity (>99.9 at. %) Zr and Ni raw materials.
A high-purity argon atmosphere with a Ti ingot as an oxygen
getter was used to prevent oxidation. The alloy ingot was
flipped and remelted at least four times to ensure chemical
homogeneity and then was quenched into amorphous ribbons
with a thickness of ~25 um by single-roller melt spinning
under a high-purity argon atmosphere. The amorphous nature
was verified by synchrotron XRD experiment at the beamline
15U1 of Shanghai Synchrotron Radiation Faculty (SSRF) and
a differential scanning calorimeter (DSC) (Perkin Elmer DSC
8000), as shown in Fig. 1.

The in situ high-pressure XRD experiments on the ZrgsNiss
MG were carried out at the beamline 13-ID-D of Ad-
vanced Photon Source (APS), Argonne National Laboratory

(ANL), USA, with an x-ray wavelength of 0.3344 A and a
focused beam (~3.5 x 4 um?) by a Kirkpatrick-Baez mirror
system. The XRD patterns were collected by a Dectris Pilatus
CdTe 1-M pixel array detector, and LaBg was used as a stan-
dard for calibration. The detector center was positioned as far
from the x-ray beam as feasible, approximately 78 mm away,
in order to get larger g coverage. The ZrgsNizs MG ribbon
samples were cut into flakes with sizes of ~40 x 40 x 20 um?.
A symmetric diamond-anvil cell (DAC) with an anvil culet
size of ~400 wm was used as the in situ high-pressure appa-
ratus. Tiny ruby balls and a gold foil flake were loaded beside
the sample as pressure calibrants. T301 stainless steel was
used as the gasket, and helium was loaded as the best hydro-
static pressure-transmitting medium (PTM) [31]. An optical
image of the in situ high-pressure XRD sample is shown in
the inset of Fig. 2(b). Throughout the experiment, background
scattering patterns were consistently collected following sam-
ple signal acquisition at each pressure point. Two-dimensional
XRD images were integrated into the one-dimensional I(g)
patterns using the software DIOPTAS [32]. S(¢) and G(r) were
derived from /(g) using the PDFGETX3 software package [33].

The in situ high-pressure resistivity measurement was
performed using a DAC made of Be-Cu alloy with a diamond-
anvil culet size of ~300 um. The gasket utilized in the
experiments was made of thenium. To insulate the circuit from
the metallic rhenium gasket, a mixture of cubic BN and epoxy
was employed as the insulator material. NaCl powder served
as the PTM. The sample was cut into a dimension of ~100
x 100 x 10 um? and positioned at the center of the sample
chamber above the NaCl PTM. A van der Pauw four-probe
circuit employing platinum foil electrodes with a thickness
of 4 um was used for the resistivity measurement. A ruby
ball was placed adjacent to the sample to calibrate the applied
pressure. The electrical measurements were carried out using
a Physical Property Measurement System (Quantum Design,
USA). The alternating current was set to be 1 mA, and the
temperature was maintained constantly at 300 K.

For theoretical calculations, in order to produce ZrgsNiss
MG from its melt, we performed ab initio molecular
dynamics (MD) simulations using the density-functional
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FIG. 2. Structure evolution of the ZrssNizs MG during compression from 2.3 to 40.7 GPa in reciprocal space. (a) Structure factor S(q).
(b) Relative volume change V(P)/V(0) as a function of pressure obtained by the power law of the principal diffraction peak, V (P)/V (0) =
[4:(0)/q,(P)]P, where D = 2.5. The data point at 0 GPa was obtained outside DAC. The black dashed line is the fit to the third-order BM-EOS.
Inset is the optical image of the sample loaded in a symmetric DAC for the in situ high-pressure XRD experiment. The scale bar represents
40 um. (c) An enlarged plot of the evolution of the second peak of S(g) during compression. (d) The peak position ratios of g»;/q, and g»0/q;
as a function of pressure. The dashed lines are a guide to the eye, helping to easily identify the kink at ~20 GPa.

theory (DFT) as implemented in the Vienna Ab initio Sim-
ulation Package (VASP) [34]. Our simulations utilized the
projector augmented-wave potential [35] and the generalized
gradient approximation with valence configurations set at
3d8 4s? for Ni and 4d? 5s* for Zr. We set the kinetic energy
cutoff at 400 eV and restricted our simulations to the gamma
point. Our system, the liquid ZresNizs comprising 250 atoms,
was initially equilibrated at 0 GPa and 2000 K over a dura-
tion of 2 ps (1000 ab initio MD steps). Subsequently, it was
quenched to 300 K at a rapid cooling rate of 1.25 x 10'* K/s
within an NPT ensemble (maintaining a constant number of
atoms, pressure, and enthalpy) with a time step of 2 fs. To
simulate the processes of compression and decompression of
the MG, we incrementally adjusted the size of the simulation
box, achieved by a conjugate gradient geometric optimization
to obtain the structure’s minimum energy state at 0 K at
different pressures.

III. RESULTS

Figure 2(a) shows the total structure factors, S(g), of the
binary ZrgsNizs MG sample from 2.3 to 40.7 GPa. All S(g)
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show smooth and broad patterns without any sharp Bragg
peaks, indicating that the sample remains fully amorphous
in the studied pressure range. With increasing pressure, all
the S(g) patterns shift to higher g values, which reflect the
pressure-induced volume shrinkage or densification process
as expected. Figure 2(b) displays the relative atomic vol-
ume change with increasing pressure, and the inset is the
optical image of the sample loaded inside the DAC for in
situ high-pressure XRD experiments. The relative atomic
volume is calculated based on the relative change of the
principal diffraction-peak position, ¢g;, in S(g) by a power-
law function, i.e., V(P)/V(0) = [ql(O)/ql(P)]D, where D =
2.5 for Zr-based MGs under high pressure [36]. A total
shrinkage in volume is estimated to be ~18% when the pres-
sure is increased to 40.2 GPa. The evolution of the relative
atomic volume V(P)/V(0) can be well fitted to a third-order
Birch-Murnaghan (BM) equation of state (BM-EOS) [37],
with the isothermal bulk modulus By = 138.4 + 3.6 GPa and
the pressure derivative B’ = 3.6 4 0.2 GPa, which are close to
those of typical Zr-based MG [38]. The continuous P-V data,
perfectly fitting a single BM-EOS, indicate the absence of a
typical polyamorphic transition during compression. Besides
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FIG. 3. Structure evolution of the ZrgsNiss MG during compression from 2.3 to 40.7 GPa in real space. (a) The reduced pair-distribution
functions, G(r). (b) Representive deconvolution of the first peak of G(r) into two Gaussian subpeaks, R;; and Ry, (at 2.3 GPa). (c) The
relative peak position of the two subpeaks as a function of pressure. (d) An enlarged plot of the evolution of the second peak of G(r) during
compression. (e) Representive deconvolution of the second peak of G(r) into four Gaussian subpeaks (at 2.3 GPa). (f) The subpeak positions
as a function of pressure. The dashed lines are a guide to the eye, helping to easily identify the kink at ~20 GPa.

the first peak of S(g), the second diffraction peak also car-
ries rich information on local structures in atom packing. As
shown in Fig. 2(c), the right shoulder of the second peak of
S(g) becomes increasingly apparent during compression. The
main peak and the shoulder of the second peak are denoted as
q21 and g, respectively. The peak position ratios of g»;/q
and g2 /g shown in Fig. 2(d) can be used to estimate the
deviation of local structures from ideal icosahedral packing
[39,40]. Therefore, consistent kinks showing at ~20 GPa in
both ratios, ¢»1/q; and ¢»2/q as a function of pressure, sug-
gest a local structural crossover at ~20 GPa.

To obtain more detailed insights into the structural
crossover in the binary ZrgsNiss MG in real space, the reduced
pair-distribution function, G(r), is derived from the Fourier
transform of the S(g) data. As shown in Fig. 3(a), at first
glance, all atomic shells contract with increasing pressure.
However, upon closer inspection, the first and second atomic
shells undergo more intricate changes during compression,
as indicated by the peak profile variation of the first and
second peaks in G(r). The first peak in G(r) can be well fitted
by two Gaussian subpeaks as shown in Fig. 3(b), e.g., Rj;
at ~2.64 A and Ry; at ~3.21 A, respectively, at 2.3 GPa.
According to the three atomic pairs with distinct distances
(Rzr—z» ®3.20A, Ry_ni ~ 2.84A, and Ryi_ni ~ 2.48 A at
0 GPa) [41], it could be inferred that the first subpeak Ry
mainly consists of the Zr-Ni and Ni-Ni atomic pairs while
the second subpeak R, mainly consists of the Zr-Zr atomic
pair. Figure 3(c) shows the pressure dependence of normal-
ized change of the two subpeak positions. Below ~20 GPa,
both peaks contract consistently with pressure. Interestingly,

above ~20 GPa, R, decreases continuously following the
initial low-pressure trend while R;; turns to increase with
further compression. These results reveal a distinct signature
of unusual structural crossover related to the Ni-Ni or Ni-Zr
atomic pairs. Moreover, aside from the first peak, the sec-
ond peak of G(r) carries information on how atomic clusters
(the first atomic shell) are connected to each other, forming
extended structures, so-called MRO in MGs. As shown in
Fig. 3(d), there are also dramatic changes in the peak pro-
file of the second peak of G(r). In a quantitative analysis
based on the simplified hard-sphere model, the second peak
of G(r) typically can be fitted by four subpeaks, denoted as
subpeaks-1,-2,-3, and -4, according to their peak positions
from small to large, which represent four different connection
schemes with different numbers of shared atoms from 4 to
1 between two adjacent clusters, denoted as 4-atom, 3-atom,
2-atom, and 1-atom connection methods, respectively [42,43].
The 4-subpeak fitting of the second peak of G(r) is shown
in Fig. 3(e). Consequently, the changes in peak profile with
compression, as shown in Fig. 3(d), can be described by the
relative variation in subpeak intensities, whereby the second
subpeak intensity grows at the expense of the third subpeak
intensity. In other words, the 2-atom shared connection is
gradually replaced by the 3-atom shared connection scheme,
suggesting a denser atomic packing during compression. In
addition, regarding the subpeak positions as a function of
pressure, as shown in Fig. 3(f), a consistent kink is observed
at ~20 GPa for all the four subpeaks, further confirming the
presence of a structural crossover.

Furthermore, we conducted ab initio MD simulations to
gain deeper insights into the structure. The reliability of the
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FIG. 4. Comparison of experimental and simulation results of the ZresNizs MG. (a) Structure factors, S(g). (b) Normalized sample volume

V(P)/V(0) vs pressure.

simulation results is verified by the satisfactory consistency shrinkage of the Zr-Zr atomic pair is estimated to be ~8.5%
in peak position and characteristics of S(g) and the continu- after compression to 40 GPa, while it is only ~5.1 and ~5.9%
ous pressure dependence of sample volume with those from  for the Zr-Ni and Ni-Ni atom pairs, respectively. The evolution
experiments, as shown in Fig. 4. The compression behavior  of the nearest-neighbor averaged total coordinate number of
of three different atomic pairs during compression is eluci- Zr-centered and Ni-centered clusters with pressure is depicted
dated by the simulations, as shown in Fig. 5(a). The total in Fig. 5(b). While the average total CN of Zr atoms exhibits
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FIG. 5. Atomic structure evolution of the ZrgsNizs MG during compression obtained by ab initio MD simulations. (a) Relative changes of
the interatomic distances of the three atomic pairs. (b) The total CN of Zr- and Ni-centered clusters. The fraction evolution of different types
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FIG. 6. In situ high-pressure electrical resistivity measurement
on the ZrgsNizs MG. A kink at ~20 GPa is marked by the arrow. Inset
is an optical image of the sample loaded in a symmetric DAC for the
in situ high-pressure resistivity experiment. The scale bar represents
100 um.

a slight decrease over the entire compression process, the
averaged total CN of Ni atoms starts to increase with pressure
above ~20 GPa, suggesting that the structural crossover is
more associated with Ni-centered clusters, with a noticeable
increase in CN. As the total CN remains nearly constant at
~14 during compression, the slight decrease in the CN of Zr
atoms is compensated by the increase of the CN of Ni atoms.
This aligns well with the experimental observation of opposite
compression behaviors of the atomic pairs with compression
above 20 GPa, as illustrated in Fig. 3(c). Based on the VP
analysis of different clusters in the nearest-neighbor atomic
shells, various clusters can be divided into three categories,
i.e., icosahedral-like, crystal-like, and mixed clusters. VP con-
figuration with indices such as (0, 0, 12, x), (0, 1, 10, x),
and (0, 2, 8, x) exhibiting fivefold symmetry with pentagonal
faces are classified into icosahedral-like clusters (where x is
typically between O and 4). VP configurations that possess
more fourfold or sixfold symmetry with the indices of (0, 4,
4, x) and (0, 5, 2, x) are grouped into crystal-like clusters,
while VPs with the index of (0, 3, 6, x) are regarded as
mixed clusters [44—46]. Figures 5(c) and 5(d) show the vari-
ation of the fraction of different VPs of Zr- and Ni-centered
clusters, respectively. It is evident that icosahedral-like
clusters predominantly populate the ZrgsNizs MGs. In con-
trast to the minimal variation of Zr-centered clusters, the
proportion of Ni-centered icosahedral-like clusters increases,
and the crystal-like clusters decrease considerably above 20
GPa. Hence, structurally, the crossover can be more specifi-
cally attributed to the increase of icosahedral-like Ni-centered
clusters during compression above ~20 GPa.

Figure 6 illustrates the electrical resistivity measure-
ment results of the ZrgsNiss MG during compression up to
~40 GPa. The electrical resistivity gradually decreases with
increasing pressure, consistent with the typical compression
behavior of MGs under high pressure [47]. In addition to
the overall descending trend, a notable kink is observed at
~22 GPa, indicating a resistivity signature of the structural

crossover. It should be noted that the PTM used in the in situ
high-pressure electrical resistivity experiment is solid NaCl,
which is quasihydrostatic and could account for the slight
pressure difference for the crossover observed in the resistivity
and XRD experiments.

Considering the continuous change of sample volume
(Fig. 2) alongside the discontinuity in resistivity, we hypothe-
size that the structural crossover may originate from electronic
structural changes. To explore this further, we carried out
electronic structure calculations for the sample below and
above the structure crossover pressure using DFT calcula-
tions. Figure 7(a) displays the total density of states (DOS)
and the projected density of states (PDOS) of electrons in the
ZresNiss MG at 3.1 and 43.2 GPa. As pressure increases, the
distribution of the total DOS broadens and shifts to the lower-
energy side. The broadened bandwidth of DOS indicates the
delocalization of electrons induced by pressure. Moreover, it
is evident that the d orbitals have a dominant contribution to
the total DOS. Figure 7(b) provides a zoomed plot of the total
DOS near the Fermi level at different pressures. The profile
of DOS remains almost the same below 20 GPa but begins
to vary between 21.5 and 24.2 GPa and gradually becomes
distinct from those at low pressures. According to band the-
ory, the DOS near the Fermi level determines the electronic
conduction [48]. Figure 7(c) shows the evolution of DOS of
d orbitals at the Fermi level during compression, in which a
kink is seen between 20 and 30 GPa. According to the specific
contribution fractions of the d orbitals of Zr and Ni to the
total DOS, as shown in Fig. 7(d), the kink in Fig. 7(c) could
be attributed to the sharp increase of contribution from Ni d
orbital at almost the same pressure region with the structural
CrOssover.

IV. DISCUSSION

The structural crossover in the ZrgsNiss MG is unveiled by
structural information derived from in situ high-pressure XRD
data and electrical resistivity experiments, further validated
by simulations, while the pressure dependence of the overall
sample volume follows a single EOS without any collapse
or anomalies. This could be interpreted as indicating that the
local structural changes under high pressure resemble more of
a cooperative structural rearrangement, preventing an overall
density collapse. This finding underscores the complexity and
adjustability of the local atomic structures of MGs under high
pressure. The analysis of in situ high-pressure XRD combined
with simulation results reveals considerable differences in
compression behavior between different atomic pairs in the
ZresNizs MG. Diverse compressibility is commonly expected
and observed in MG alloys. For instance, Zr-Cu binary MGs
show hierarchic compression due to the much higher com-
pressibility of Zr-Zr than the Zr-Cu and Cu-Cu atomic pairs
[22,24]. Howeyver, there is no sign of structural polyamorphic
transition or crossover observed in the Zr-Cu binary MGs
during compression up to tens of GPa [22,24,41]. Therefore,
it could be inferred that nonuniform compression among dif-
ferent atomic pairs does not necessarily result in structural
transition or crossover in MGs. Recently, a local structural
crossover without volume collapse during compression was
reported in a senary high-entropy MG, which was ascribed to
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FIG. 7. The electronic structure evolution of the binary ZrssNizs MG during compression obtained by DFT calculations. (a) The electron
DOS at 3.1 and 39.8 GPa. (b) A zoomed plot of the total DOS near the Fermi level during compression. (¢) The pressure-dependent DOS of
d orbitals at the Fermi level. A kink at ~20 GPa is marked by the arrow. (d) The contribution of Zr and Ni d orbitals to the total DOS as a

function of pressure.

the disproportional compression of various atomic pairs due to
its extremely complex multicomponent nature [41]. In simple
binary MGs, however, the effect of configurational entropy or
complex chemical compositions is negligible.

Therefore, it is reasonable to speculate that the struc-
tural crossover may originate from the drastic modification
of the electronic structure in the ZrgsNizs MG during com-
pression. Previous simulation and experiment results suggest
that compared with the compositionally similar Zr-Cu MG
systems, the directional bonding strength resulting from
interactions between the d electrons is stronger in the Zr-Ni
MG systems [28,49]. Therefore, despite the very close bond-
ing distances between Zr—Cu (~2.85 A) and Zr—Ni (~2.86 A),
Ni is likely to have a quite different effect from Cu on the elec-
tronic structures, leading to the distinct behaviors of these two
MGs under high pressure. This scenario is supported by the
quite unusual changes in the pressure-dependent Ni-centered
clusters packing (Figs. 3 and 5) and d-electron contribution to
the total DOS [Fig. 5(d)]. The electronic structural changes
are expected to affect the interaction between atoms, and
consequently alter the atomic packing arrangements [49].

Electronic resistivity is typically highly sensitive to both
atomic and electronic structure variations. The pressure-
dependent electronic resistivity of the ZrgsNiss MG indeed
shows a kink (Fig. 6) akin to the observation of the DOS of

d electrons at the Fermi level [Fig. 7(c)]. Various theoretical
models have been proposed to offer a quantitative descrip-
tion of the electrical resistivity of MGs. In the two-level
tunneling model, the electrical resistivity decreases when the
degree of structural disorder or free-volume content dimin-
ishes [50,51]. During compression, the free volume of MG
is usually linearly compressed [52], leading to a monotonic
linear decrease of resistivity as well without any discontinuity.
Another widely accepted theory of electrical resistivity is the
Ziman theory, first proposed in pure liquid metals [53], and
its extended formula was later applied in MGs [54]. In our
binary ZresNiss MG, however, the Fermi level is located in the
d band, so that the resonant scattering is too strong to be ne-
glected [55]. According to the s — d scattering model by Mott
[56], the dominant contribution to the electrical resistivity
comes from the scattering of sp electrons into empty d holes,
which means that the resistivity is proportional to the DOS of
the d orbitals at the Fermi energy. Our results, as shown in
Figs. 6 and 7(c), align well with the Mott model, elucidating
why the electrical resistivity decreases during compression
with a kink at ~20 GPa, coinciding with the pressure depen-
dence of DOS of d orbitals.

The crossover in the structural configuration and resistiv-
ity of the ZrgsNiss MG during compression is attributed to
the same electronic mechanism, specifically related to the
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unusual behavior of Ni d orbital under high pressure.
However, the overall volume change is continuous dur-
ing compression. This characteristic sets it apart from the
typical pressure-induced polyamorphic transitions reported
before in MGs, which also have an electronic origin but
are all accompanied by volume-change anomalies. For in-
stance, pressure-induced volume collapse in the rare-earth
element-based MGs due to delocalization of 4f electrons
[17]; pressure-induced volume deviation from the initial low-
pressure trend described by a single BM-EOS caused by the
charge transfer between different elements in Ca-Al [18],
Pd-Ni-P [19], and Pd-Ni-S [57] MGs. However, electronic
structure calculations, as shown in Fig. 7(a), indicate no
sharp electronic transition or charge transfer observed in the
Zrgs5Nizs MG during compression. Instead, as an MG consist-
ing of pure transition metals, the d orbitals near the Fermi
level play a dominant role; a kink in the contribution fraction
of Ni d electrons to the total DOS at ~20 GPa results in corre-
sponding unusual changes in the electronic resistivity and the
packing of Ni-centered clusters. It should be noted that this
type of electronic structural modulation with Ni d electrons is
relatively moderate compared with the charge transfer or elec-
tron delocalization reported in other polyamorphous MGs. As
a result, the specific volume (density) change of the ZrgsNiss
MG sample remains continuous throughout compression.

V. CONCLUSIONS

In summary, we investigated the structural evolution of
the binary ZrgsNizs MG during compression using in situ
high-pressure synchrotron XRD, electronic resistivity mea-
surement, and ab initio MD simulations. While the overall
volume (density) of the ZrgsNizs MG sample decreases

continuously, a local structural crossover is identified at
~20 GPa. This crossover is characterized by considerable
packing changes primarily associated with the Ni-centered
clusters, accompanied by a kink in electrical resistivity at
the same critical pressure. The underlying mechanism is at-
tributed to pressure-induced electronic structural modulation
of Ni d orbitals at ~20 GPa, which is distinct from the tradi-
tional polyamorphism in MGs with sample volume anomalies.
These findings suggest such structural crossover could be
prevalent in other MGs and highlight the vital role of elec-
tronic structure on the structure and properties of MGs.
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