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Pressure-induced local structural crossover in a high-entropy metallic glass
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Achieving effective tuning of glass structures between distinct states is intriguing for fundamental studies and
applications, but has previously turned out to be challenging in practice. High-entropy metallic glasses (HEMGs),
as an emerging type of metallic glasses (MGs) based on the high-entropy effect, are expected to have more
disordered and frustrated chemical short-range structure compared with conventional MGs. Therefore, HEMGs
may offer possibilities for structure and properties tuning in glasses. In this work, we employ pressure as a tuning
parameter and monitor the atomic structural evolution of a senary HEMG, Ti16.7Zr16.7Hf16.7Cu16.7Ni16.7Be16.7,
up to ∼40 GPa using in situ synchrotron x-ray diffraction. Analysis of its structure factor in reciprocal space and
reduced pair distribution function in real space both reveal a pressure-induced structural crossover at ∼20 GPa
with a dramatic change in short-range order (SRO), while no similar phenomenon is observed in a conventional
MG, Cu36Zr64, as a control sample, suggesting the pressure-induced highly tunable SRO in HEMGs originates
from the local chemical complexity, namely, the high-entropy effect. These results confirm that enhanced
flexibility and tunability of atomic structures could be achieved by introducing the high-entropy effect into MGs.
Therefore, configurational entropy could be another dimension for exploring MGs with highly tunable structures
and properties for various potential applications.
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I. INTRODUCTION

Metallic glasses (MGs) have been the focus of intense
research in the advanced metallic materials community due
to their importance for both fundamental studies and practical
applications [1–3]. Like conventional crystalline alloys, MGs
usually consist of one or two principal elements with some
other minor alloying elements, which are randomly arranged
both chemically and topologically. Recently, a new concept
of alloy design based on entropic contributions to the ther-
modynamic landscape, rather than from cohesive energy, was
proposed [4,5]. This strategy was explored by deliberately
incorporating five or more elemental species with equimolar
or near-equimolar ratios into a single alloy system. Due to
the engineered high configurational entropy, these chemically
complex systems can be surprisingly stabilized into single-
phase solid solutions with simple crystalline structures. These
alloys usually possess high structural stability at extremely
high or low temperatures and many desirable properties, dis-
tinguishing themselves as a novel type of alloy, high-entropy
alloys (HEAs) [6–8]. As an amorphous analogy of HEAs,
MGs with similar complex compositions and highly disor-
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dered topological structure have also been developed, the
so-called high-entropy MGs (HEMGs) [9]. The conventional
MGs are recognized to have a short-range order (SRO) of
solute-centered cluster structure with the principal element
as the solvent [10]. In HEMGs, since there are no easily
identifiable solute and solvent elements, a more complex or
flexible chemical and topological environment is expected.

In HEAs, high configurational entropy is an important
factor in stabilizing their structures by lowering the Gibbs
free energy. According to the definition of Gibbs free energy
(G = PV –ST ), it is clear that pressure can also play a critical
role as a competing or interacting factor of entropy. Pressure-
induced structural transitions are widely reported in various
materials [11–17], also including HEAs [18,19]. Given the lo-
cal chemical complexity (high-entropy effect) combined with
the topological disorder (no constraint of crystalline symme-
try in HEAs), HEMGs are expected to be more flexible and
even highly tunable in their atomic arrangement, especially
under high pressure compared to either HEAs or conventional
MGs, which is intriguing, and yet to be explored.

In this work, using in situ high-pressure synchrotron x-
ray diffraction (XRD), the structural evolution of a senary
Ti16.7Zr16.7Hf16.7Cu16.7Ni16.7Be16.7 HEMG sample is studied
up to ∼40 GPa in a symmetric diamond anvil cell (DAC).
According to the structure factors S(q) and reduced pair dis-
tribution function G(r) data derived from XRD as a function
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FIG. 1. A schematic illustration of the experimental setup (a) and an optical sample image of the Ti16.7Zr16.7Hf16.7Cu16.7Ni16.7Be16.7 HEMG
loaded in a DAC (b). The scale bar in (b) represents 100 μm.

of pressure, we find that when the pressure reaches ∼20 GPa,
changes in SRO of the HEMG reveal apparent atomic rear-
rangement and even extend into medium-range order (MRO).
This phenomenon is suggested to be attributed to the differ-
ent responses to pressure for the diverse atomic pairs. These
results demonstrate that HEMGs could have more structural
flexibility for tuning, opening up an avenue toward unexplored
space for MG design and development.

II. EXPERIMENTAL DETAILS

A senary Ti16.7Zr16.7Hf16.7Cu16.7Ni16.7Be16.7 bulk HEMG
[20] with high chemical complexity is chosen as our model
system for in situ high-pressure synchrotron XRD experi-
ments. Master ingots were prepared by arc melting of pure
elements (>99.9at. %) under a high-purity argon atmosphere
using a Ti ingot as an oxygen getter. The master ingots were
flipped and remelted at least four times to ensure chemical
homogeneity, followed by casting the melt into a water-cooled
copper mold. The resulting cylindrical samples are ∼3 mm
in diameter. Ingots of a conventional Cu36Zr64 MG are also
prepared by arc melting. Cu36Zr64 ribbons with a thickness
of ∼20 μm were produced by the melt-spinning method with
a single copper roller under a high-purity argon atmosphere.
Their amorphous nature was verified by an in-house x-ray
diffractometer (Panalytical-Empyrean, Cu Kα radiation) and
a differential scanning calorimeter (Netzsch, DSC 404 F3).

In situ high-pressure synchrotron XRD experiments with
an x-ray wavelength of 0.3220 Å and a focused beam (∼3.5 ×
4 μm2) by a Kirkpatrick-Baez (KB) mirror system were
performed on the Ti16.7Zr16.7Hf16.7Cu16.7Ni16.7Be16.7 at the
beamline 13-IDD of Advanced Photon Source (APS), Ar-
gonne National Laboratory (ANL), USA. The XRD patterns
were collected by a Mar165 charge-coupled device (CCD)
detector placed at ∼190 mm away from samples, and LaB6

was used as a standard for detector calibration. The samples
were all cut into tiny pieces with sizes of approximately
60 × 40 × 20 μm3 and then were loaded into a symmetric
DAC with the anvil culet size of ∼400 μm. Tiny ruby balls
and gold foil were loaded beside the sample as pressure cal-
ibrants using the ruby fluorescence pressure scale [21] and

Au equation of state [22], respectively. The gasket was T301
stainless steel, and the sample chamber was a hole with a
diameter of ∼100 μm drilled by laser in the gasket indent
(preindented to ∼20 GPa using the same DAC). The 4:1
methanol-ethanol mixture [23,24] was loaded into the DAC
as the pressure-transmitting medium. A schematic illustration
of the experimental setup and an optical image of the sample
loaded in a DAC are shown in Fig. 1. After increasing pressure
to a target value, the pressure was carefully stabilized to en-
sure the pressure fluctuation in the sample chamber before and
after each XRD exposure was less than 0.2 GPa. The back-
ground patterns were collected at each pressure by shining
the x-ray beam on the empty area inside the sample chamber.
Two-dimensional (2D) XRD images were integrated to obtain
the one-dimensional I(q) patterns using the software DIOPTAS

[25] (see Supplemental Material [26] for more information
about XRD data correction and process).

The total scattering factor, S(q) (q = 4π sin θ/λ, λ is the
x-ray wavelength, and 2θ is the angle between the incident and
diffraction x-ray beam) [27], and the reduced pair distribution
function G(r) can be derived from I(q) using the PDFGETX3
software package [28]. S(q) is obtained from the coherently
scattered intensity Icoh (q),

S(q) = 1 + Icoh(q) − 〈 f 2〉
〈 f 〉2 , (1)

where 〈 f 〉 = ∑n
i=1 ci fi(q) and 〈 f 2〉 = ∑n

i=1 ci f 2
i=1(q), in

which ci corresponds to the atomic fraction of the component i
with an x-ray atomic scattering factor fi(q). The G(r) function
was derived from the sine-Fourier transform of the S(q) data
by the following relation:

G(r) = 4πr[(ρ(r) − ρ0] = 2

π

∫ ∞

0
q[S(q) − 1] sin (qr)dq.

(2)
The pair correlation function g(r) can be calculated from

the experimentally determined reduced pair distribution func-
tion G(r) by

g(r) = G(r)

4πrρ0
+ 1. (3)
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FIG. 2. The structure evolution of the Ti16.7Zr16.7Hf16.7Cu16.7Ni16.7Be16.7 HEMG in reciprocal space during compressing. (a) Structure
factors S(q) during compression from 0.2 to 38.8 GPa. (b) The reduced volume V/V0 as a function of pressure. The solid gray line is the fit to
the third-order BM-EOS with the bulk modulus B0 = 148.9 ± 6.6 GPa and the pressure derivative B′ = 4.9 ± 0.6. The peak position ratios of
q21/q1 (c) and q22/q1 (d) as a function of pressure consistently show a crossover at ∼20 GPa. The gray dashed lines are guides to the eye.

Coordination numbers can be obtained from radial distri-
bution functions, RDF(r),

RDF(r) = 4πr2ρ(r) = 4πr2ρ0 + rG(r), (4)

where ρ(r) and ρ0 represent the local and average atomic
number density at a given temperature and pressure condition,
respectively. The x-ray weighting factors of atomic pairs, wi j ,
are calculated as

wi j = (2 − σi j )cic j fi(q) f j (q)∑
i j cic j fi(q) f j (q)

, σi j =
{

1, i = j
0, i �= j

. (5)

In situ high-pressure synchrotron XRD experiments with
an x-ray wavelength of 0.2895 Å and a focused beam size of
7.7 × 3.3 μm2) were performed on the Cu36Zr64 MG at the
beamline P02.2, PETEA-III, Desy, Germany [29]. 2D XRD
patterns were collected using a 2D PerkinElmer amorphous
a-Si detector. The exposure time for each XRD pattern was
set to 10 s and accumulated 10 times for better statistics. The
position and orientation of the detector to the x-ray beam were
calibrated using the diffraction pattern of a CeO2 standard.
Details of the sample loading and data analysis are the same
as those described for the HEMG sample.

III. RESULTS

After background subtraction and corrections of the raw
XRD data, the total structure factors S(q) of the HEMG sam-
ple with q coverage up to ∼11 Å–1 from 0.2 to 38.8 GPa
are obtained and shown in Fig. 2(a). In the studied pressure
range, the HEMG sample keeps its amorphous structure, and
the whole S(q) patterns shift to higher q values as expected

for the pressure-induced volume shrinkage. Figure 2(b) shows
the relative atomic volume, estimated by an empirical power
law relationship previously established for room temperature
compression of MGs, V (P)/V (0) = [q1(0)/q1(P)]2.5, as a
function of pressure, where q1 is the first peak position in
S(q) and V is the average atomic volume, where V is the
sample volume and q1 is the peak position of the principal
diffraction peak. It should be noted that although the power
value may vary slightly depending on a specific composition,
choosing different power values does not affect the judg-
ment about phase transitions, which rely on discontinuous
changes or kinks in the volume-pressure curve. A mono-
tonic decrease of atomic volume is observed upon increasing
pressure. The volume-pressure dependence can be well de-
scribed by a third-order Birch-Murnaghan (BM) equation of
state (BM-EOS) [30], which indicates no apparent first-order
(volume collapse) phase transitions occurring during com-
pression. Compared with the structural information reflected
by the first peak of S(q), the fluctuations at a higher q range
can reveal more local structural information; e.g., the two
peak position ratios, q21/q1 and q22/q1 (q21 and q22 are the
peak position of the second peak and its shoulder, respec-
tively), are widely studied as characteristics of SRO [31–33].
The evolution of the two ratios as a function of pressure is
depicted in Figs. 2(c) and 2(d), respectively. The pressure
dependence of the two ratios changes sharply at ∼20 GPa,
showing an unusual crossover at ∼20 GPa. This result sug-
gests a change in SRO of this HEMG at ∼20 GPa. In order to
get more direct information on SRO in real space, the reduced
pair distribution function, G(r), describing the probability of
finding an atom at a distance of r from a given atom, is
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FIG. 3. The structural evolution of the Ti16.7Zr16.7Hf16.7Cu16.7Ni16.7Be16.7 HEMG in real space during compressing. (a) Reduced pair
distribution function G(r) during compression from 0.2 to 38.8 GPa. (b) The peak positions of two subpeaks are deconvoluted from the first
(inset) peak in G(r) as a function of pressure. (c) Radial distribution functions, RDF(r). The peak area (coordination number) (d), amplitude
(e), and width (f) of the two subpeaks deconvoluted from the first peak in RDF(r) as a function of pressure. All the dashed lines are guides to
the eye.

further derived from the sine-Fourier transform of the S(q).
Figure 3(a) shows the G(r) data from 0.2 to 38.8 GPa. The
profile of the first nearest-neighbor shell in G(r) presents the
most prominent structural variations rather than pure elastic
shrinkage upon increasing pressure. In the inset of Fig. 3(b),
the first nearest-neighbor shell shows a stratified structure
with two major subpeaks, and the right subpeak R11 has a
lower amplitude than the left subpeak R12 at low pressures.
During compression, besides the left shift of the first shell, the
relative amplitude of the two different subpeaks also varies
significantly. To derive more quantitative information on the
changes in SRO, the first shell in G(r) is fitted by two Gaussian
peaks. In Fig. 3(b), the peak positions of the two subpeaks, R11

and R12, consistently show abrupt changes when compressed
to ∼20 GPa. The radial distribution functions, RDF(r), are
further calculated and shown in Fig. 3(c). The coordination
numbers of the two subpeaks as a function of pressure are
estimated and shown in Fig. 3(d). The coordination number
of the subpeak R11 slightly increases with pressure while
it decreases for the subpeak R12. In addition, the slope of
the coordination number versus pressure of both subpeaks

also decreases at ∼20 GPa. However, the total coordination
number of the entire first shell slightly and monotonically
increases with pressure [Fig. 3(d). Moreover, the changes
of other fitting parameters, amplitude and full width at half
maximum (FWHM), of the first peak of RDF(r) are presented
in Figs. 3(e) and 3(f), respectively, which both present dis-
tinct compression behavior. The subpeak, R12, in particular,
shows a crossover at ∼20 GPa in both the amplitude and
the FWHM. Although without a periodic symmetry, structural
changes of SRO in glasses will naturally and inevitably extend
into longer length scales, e.g., through the well-recognized
linkages between SRO clusters and MRO. Looking at the
structural information at an extended length scale in G(r), the
splitting of the second peak is quite common, which carries
information on different connection methods between clusters
forming MRO in MGs [34–37]. According to the hard-sphere
model, four connection methods can be identified according
to the subpeak positions ratio of the second peak of G(r)
with respect to the average cluster radius, r1, e.g., 2r1,

√
3r1,√

8/3r1, and
√

2r1, correspond to one-atom (vertex) shar-
ing, two-atom (edge) sharing, three-atom (face) sharing, and
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FIG. 4. The MRO evolution of the Ti16.7Zr16.7Hf16.7Cu16.7Ni16.7Be16.7 HEMG in real space during compressing. (a) Deconvolution of the
second peak of G(r) into several Gaussian subpeaks at representative pressures. (b) The evolution of reduced peak position of the subpeaks as
a function of pressure.

four-atom (face) sharing [34–37], respectively. For further
analysis, the second peak of G(r) at different pressures is
fitted by several Gaussian peaks with a linear background
[Fig. 4(a)], and the normalized peak positions of these fitted
Gaussian peaks are shown in Fig. 4(b). At relatively low pres-
sures, four Gaussian peaks are required to fit the curve, while
above 20 GPa, only three peaks are needed to obtain the same
fitting quality (R2 � 0.999), indicating that the linkage modes
between clusters may have changed significantly at ∼20 GPa.
Specifically, above 20 GPa, the intensity of the first subpeak
(four-atom sharing) increases sharply and begins to be dom-
inant (denser packing in MRO), while the other relatively
loose connection modes begin to weaken or even disappear
(one-atom sharing). For peak positions [Fig. 4(b)], different
from the simple left shift under low pressure, above ∼20 GPa,
the first and second peaks move to the right with increasing
pressure, while the peak position of the third peak shows a
sudden contraction. This distinct behavior of subpeak posi-
tions of G(r) also further supports the crossover of connection
modes in MRO at ∼20 GPa accompanying the changes in
SRO.

It is noted that the discussion above is based on the hard-
sphere model, so the above analysis is more rational to explain
the splitting of the second peak in G(r) in a single elemental
system [34]. For multicomponent systems such as HEMGs,
quantitative analysis based on an accurate structural model is
challenging due to the complexity of topological and chemical
structures in SRO. However, in this work, structural changes
are pretty pronounced (the disappearance of the fourth fit-
ting peak and the abrupt changes of the peak position and
intensity of the subpeaks); thus, a crossover in the structural

connectivity modes in MRO of the HEMG still can be unam-
biguously identified.

Moreover, in order to further clarify the origin of the
structural evolution of the HEMG under high pressure, a
conventional binary MG, Cu36Zr64, was also studied dur-
ing compressing up to 30 GPa with similar experimental
conditions. However, in both reciprocal and real spaces, the
Cu36Zr64 MG only exhibits monotonous pressure-induced
structural shrinkage, and there is no obvious structural rear-
rangement (Fig. 5).

IV. DISCUSSION

Pressure-induced structural transition in MGs is not rare
and has been observed in some rare earth based MGs and other
MGs with tunable electronic structures. For these systems,
when the applied pressure is high enough, pressure-induced
electronic transitions occur, such as delocalization of 4 f
electrons in Ce-based MGs [38] or charge transfer between
different species in Ca-Al [39] or Pd-Ni-P [40] MGs. Elec-
tronic transitions will usually cause a collapse of atomic
volume or changes in local atomic bonding, resulting in
dramatic changes in density and atomic rearrangement of
the entire system. The most intuitive manifestation of these
phenomena is usually a change in EOS with a volume col-
lapse [38] or deviation [39,40]. On the other hand, in a
conventional MG system without any electronic or bond-
ing change, the entire compression process could be a fully
elastic shrinkage of the initial structure, in which the S(q)
and G(r) patterns at high pressures highly resemble those at
low pressures in profile [41,42]. However, detailed structural
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FIG. 5. The structure evolution of the Cu36Zr64 MG during compressing. (a) Structure factors, S(q), during compression from 1.1 to 30 GPa.
(b) The reduced volume V/V0 calculated by the power law, V (P)/V (0) = [q1(0)/q1(P)]2.5, as a function of pressure. The solid gray line is
the fit to the third-order BM-EOS with the bulk modulus B0 = 117.1 ± 1.1 GPa and the pressure derivative B′ = 6.0 ± 0.2. The peak position
ratios of q21/q1 (c) and q22/q1 (d) as a function of pressure show no crossover as observed in the HEMG. (e) The reduced pair distribution
function G(r) during compression from 1.1 to 30 GPa. (f) The peak positions of the two subpeaks deconvoluted from the first peak in G(r) of
the Cu36Zr64 MG as a function of pressure, which show a perfect linear relationship without any sign of a structural crossover. The gray dashed
lines are guides to the eye.

information obtained by quantitative analysis of the peaks
in S(q) and G(r) focusing on SRO (inevitably extends into
MRO) reveals a structural crossover occurring at ∼20 GPa in
the Ti16.7Zr16.7Hf16.7Cu16.7Ni16.7Be16.7 HEMG system with-
out any element prone to having electronic transitions under
pressure. For the 4:1 methanol-ethanol mixture, considerable
shear stress will show up and develop above its hydrostaticity
limit (∼10 GPa) [23,24], which may play a non-negligible
role in phase transitions [43]. In our experiments, no dramatic
changes were observed in both MGs at ∼10 GPa coinciding
with the hydrostaticity limit of the pressure medium. More-
over, with the same pressure medium, no structural crossover
is observed in the conventional binary Cu36Zr64 MG. These
results suggest that the structural crossover observed in the
HEMG should be associated with the sample itself rather than
the nonhydrostaticity that emerged in the pressure medium.

For a multicomponent alloy system, this structural
crossover is most likely attributed to a local structural

rearrangement due to diverse responses to pressure of the
multiple components at high enough pressures, which, how-
ever, smears out when we look at the averaged structure over
all components. Therefore, the mechanism for the structural
crossover reflected by changes in SRO should lie in the
details of how each atomic pair responds to compression.
However, there are 21 different atomic pairs in the senary
Ti16.7Zr16.7Hf16.7Cu16.7Ni16.7Be16.7 HEMG, so it is techni-
cally challenging to distinguish each atomic pair in this alloy.
Since there is no electronic transition reported for these el-
ements in the studied pressure range, we speculate that the
atomic rearrangement may result from mutually incompati-
ble compressibility among the 21 diverse atomic pairs. This
speculation can be qualitatively confirmed by comparison
between the profile of the first peak of G(r) and the distri-
bution of the 21 atomic pairs in distances and their x-ray
scattering weights [Fig. 6(a)]. Assuming random pairing is
based on the hard-sphere model and the change of bond length
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FIG. 6. Comparison of the evolution of atomic pair distribution during compression in the first atomic shell. The distances and x-ray
scattering weights of atomic pairs (vertical lines) in the first peak of G(r) at two different pressures for the Ti16.7Zr16.7Hf16.7Cu16.7Ni16.7Be16.7

HEMG (a) and the Cu36Zr64 MG (b).

under compression is the same as in pure elements (values are
listed in Table I), the atomic pairs will have quite different
distributions between 0.2 and 38.8 GPa. The disproportional
compression of the 21 atomic pairs can reasonably account
for the dramatic change of the first peak profile in G(r). This
result suggests that the structural crossover of SRO under
high pressure could be attributed to differences in the volume
shrinkage for these atoms, namely, the failure of synergy in
SRO under compression.

Compared with conventional MGs, the failure of a synergy
of SRO clusters (atomic pairs) in compression could be much
more severe in HEMGs because of their wider distribution of
configurations and more severe local atomic stress [44]. The

TABLE I. The details of the 21 possible atomic pairs in
the Ti16.7Zr16.7Hf16.7Cu16.7Ni16.7Be16.7 HEMG. The interatomic dis-
tances (Ri j) are from the database of Young et al. [54]. wi j is the
x-ray scattering weight.

Atomic pairs (i− j) Ri j (Å) (0 GPa) Ri j (Å) (39 GPa) wi j

Zr-Zr 3.20 2.96 0.04196
Zr-Hf 3.19 2.95 0.15189
Hf-Hf 3.18 2.94 0.13746
Ti-Hf 3.09 2.83 0.08152
Zr-Ti 3.07 2.84 0.04504
Ti-Ti 2.94 2.72 0.01209
Cu-Zr 2.88 2.68 0.06205
Cu-Hf 2.87 2.67 0.11231
Ni-Zr 2.84 2.66 0.05934
Ni-Hf 2.83 2.65 0.10741
Cu-Ti 2.75 2.56 0.03331
Be-Zr 2.72 2.52 0.00743
Be-Hf 2.71 2.52 0.01345
Ni-Ti 2.71 2.54 0.03186
Be-Ti 2.59 2.40 0.00399
Cu-Cu 2.56 2.40 0.02295
Ni-Cu 2.52 2.38 0.04389
Ni-Ni 2.48 2.36 0.02098
Be-Cu 2.40 2.24 0.0055
Be-Ni 2.36 2.22 0.00526
Be-Be 2.24 2.08 0.00033

same analysis shows that Cu36Zr64 MG does not have a sim-
ilar structural crossover at high pressures (Fig. 6(b); atomic
pair values are listed in Supplemental Material [26]), which is
consistent with results observed before in other conventional
binary or quaternary MGs [41,42] and can be explained by the
quite compatible compressibility between the atomic pairs.
In contrast, for HEMGs, severe local stress inside the initial
SRO clusters may quickly develop with increasing pressure
due to the mutually incompatible compressibility of diverse
atomic pairs. Eventually, at high enough pressures, the initial
configuration of SRO may destabilize, and atomic rearrange-
ment inside SRO may take place to lower the elastic energy of
the system, but in a gradual way, which differs from a sudden
polyamorphic transition in some MGs [38–40] and, therefore,
is defined as a structural crossover. This structural crossover
is found to be basically reversible during decompression (see
Supplemental Material [26] for the comparison of structures
before compression and after decompression).

From a thermodynamic point of view, the structural
crossover might be driven by the Gibbs free energy. Since
the sample volume shows no abnormal behavior but a smooth
shrinkage [Fig. 2(b)], the configurational entropy is speculated
to play an important role during compression. For a real solu-
tion, the total configurational entropy of mixing is the sum of
the configurational entropy of mixing for an ideal solution, SC ,
and the excess configurational entropy of mixing, SE . In this
work, no composition changes in this HEMG, so SC can be
reasonably assumed to be constant at 14.9 J/mol K throughout
the entire process. In contrast, the excess entropy SE is closely
related to the atomic structure details (a function of atomic
packing and atomic sizes), which is a key factor affecting the
formation and stability of MGs [45,46]. Generally, the larger
the difference in the atomic sizes and the higher the atomic
packing density, the lower the value of SE will be [47,48].
Although high pressure should prefer higher packing density,
atomic size difference does not necessarily increase accord-
ingly, which mainly depends on the relative compressibility of
each atom [49]. For the senary HEMG in this work, the atomic
size difference (or atomic size polydispersity, δ) decreases
monotonically with pressure (see Supplemental Material [26]
for the atomic volume of each component and the atomic size
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FIG. 7. Equivalent configurational entropy as a function of pres-
sure up to 40 GPa in the Ti16.7Zr16.7Hf16.7Cu16.7Ni16.7Be16.7 HEMG.
Each point is calculated using Eq. (5) based on G(r) shown in Fig. 2.
The dashed line is the guide to the eye.

polydispersity (δ) as a function of pressure). Therefore, SE

may not change monotonously with pressure by considering
contributions from both atomic packing density and atomic
size polydispersity. In order to quantitatively analyze the evo-
lution of the SE , the method of Spieckermann et al. [50] is
adopted, and the “equivalent entropy Seq” is used to replace
SE . The equivalent entropy Seq can be calculated with the
equation derived by Nettleton and Green [51,52],

Seq = −2πρ0kB

∫
(g(r) ln g(r) − g(r) + 1)r2dr, (6)

where kB is the Boltzmann constant, ρ0 is the atom number
density, and g(r) is the pair distribution function. The evo-
lution of Seq as a function of pressure is shown in Fig. 7.
Below ∼20 GPa, the value of Seq decreases with increasing
pressure, but it turns to increase slightly with pressure above
∼20 GPa. Obviously, from Eq. (5), it is clear that the value
of Seq depends on both the atomic packing density and the
local atomic structure (SRO and MRO). Since MGs are typi-
cally quite densely packed even at ambient pressure with the
maximum coordination number (12–14) of random nearest
neighbors [53], the packing density may only slightly in-
crease during compression. Therefore, the pressure-sensitive
SE could dominate the stability of HEMGs and lead to struc-
tural modification or crossover.

V. CONCLUSION

In this work, we studied the structural evolution of the
Ti16.7Zr16.7Hf16.7Cu16.7Ni16.7Be16.7 HEMG during compres-
sion up to ∼40 GPa using in situ high-pressure synchrotron
XRD. Although no constituent element has pressure-induced
electronic transitions in the studied pressure range, a struc-
tural crossover in SRO at ∼20 GPa is explicitly identified
by S(q) and G(r). The underlying mechanism for the struc-
tural crossover is attributed to the disproportional decrease of
various atomic pair distances during compression, which is
especially severe in the multicomponent HEMG system with
an equal equimolar ratio. From the thermodynamic point of
view, this structural feature of HEMG can be characterized by
the variable of the excess entropy SE , which closely correlates
with the atomic size misfit and atomic packing; therefore,
it is highly pressure sensitive. Using the same experimental
technique and data analysis, no similar structural crossover
is observed in the conventional MG, Cu36Zr64. Given the
complex chemical and local topological structures introduced
by the diverse multiple principal components in HEMGs,
pressure-induced structural tuning or crossover may be gen-
eral in HEMGs, which could provide good candidate materials
for energy absorption applications at extreme conditions re-
quiring no sudden volume changes.
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