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ABSTRACT

Cerium-based metallic glasses are prototype polyamorphous systems with pressure-induced polyamorphic transitions extensively reported.
Cooling typically has a similar effect on materials as compression with regard to reducing volume. However, previous studies show dramati-
cally different behavior of Ce-based metallic glasses between cooling and compression, whose origin remains unclear. Here, using in situ
low-temperature synchrotron high-energy x-ray diffraction, the structural evolution of a Ce68Al10Cu20Co2 metallic glass is accurately deter-
mined and analyzed by a structure factor and a reduced pair distribution function (PDF) during cooling from 298 to 83 K. An unusually
large linear thermal expansion coefficient is revealed, which is associated with both continuous but inconsistent structural changes between
the two subpeaks of the first atomic shell in terms of average bond lengths and coordination numbers. These phenomena are suggested to
be attributed to a gradual 4f electron delocalization of only a minimal amount (∼2.6% at 83 K) of Ce atoms by quantitative analysis of the
PDF data. However, a previously expected global polymorphic transition from a low-density amorphous state to a high-density amorphous
state with an abrupt volume collapse is not observed. Moreover, electrical resistivity also shows a continuous increase during cooling
without any sharp change. It is clarified that cryogenic temperatures could facilitate but are not powerful enough alone to trigger a global
polymorphic transition in the Ce68Al10Cu20Co2 metallic glass, suggesting a wide distribution of its local atomic environment.
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INTRODUCTION

It is common for crystalline materials to have chemically iden-
tical but structurally distinct phases, a phenomenon called polymor-
phism. Diamond and graphite are well-known examples of carbon
polymorphism. However, glasses, at the extreme end of structural
disordering, are usually thought to be structurally indistinguishable
without identifiable structural symmetry. Surprisingly, with density
change, Δρ, as the relevant order parameter, different amorphous
states linked by pressure-induced polyamorphic transitions1,2 have
also been discovered in many open network glass systems3–13 and
recently even in closely packed metallic glasses (MGs).14–29 The dis-
covery of polyamorphism suggests the richness of the glass configu-
rational space with distinct states, which not only deepens our
fundamental understanding of glasses but also could lead to the

development of switchable glass materials with identical composi-
tion but dramatically different physical properties.30

Ce-based MGs are the first MG systems that show
pressure-induced polyamorphism in glasses with already maxi-
mized coordination numbers (12–14) of random nearest neigh-
bors.31,32 Pressure-induced electronic delocalization transitions of
their 4f electrons in Ce atoms account for the bond shortening and
densification,14–16 which provides a distinct mechanism from the
coordination number increase dominated bond lengthening (e.g.,
the Si–O and Ge–O bonds)6,7 and densification in polyamorphous
network glasses. Interestingly, the pressure-induced polyamorphic
transitions in silica glass33–35 and Ce-based MGs18,36,37 share a
common elastic anomaly with sound velocities (both compressional
and shear waves) and bulk modulus minima during compression,
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suggesting the elastic anomaly as a possible signature for polyamor-
phism.36 Yu et al.38 measured the temperature-dependent sound
velocities (longitudinal: vl, transverse: vs) of Ce68Al10Cu20Co2 and
La68Al10Cu20Co2 MGs from room temperature down to the liquid
nitrogen temperature (77 K) using a pulse-echo overlap ultrasonic
technique. Unlike the La68Al10Cu20Co2 MG with a normal stiffen-
ing behavior, the Ce68Al10Cu20Co2 MG exhibits an anomalous soft-
ening longitudinal sound mode and bulk modulus during cooling
(decrease of the sound velocity, vl, and bulk modulus), which is
attributed to the mutable electronic structure and a possible elec-
tronic transition of 4f electrons in Ce. Counterintuitively, its trans-
verse sound velocity still increases with decreasing temperature,38

which differs from the consistent softening of both sound modes
under compression.36,37 Recent low-temperature synchrotron XRD
studies on a Ce62Al10Cu20Co8 MG also revealed no sharp volume
collapse, although a rather weak signal of 4f electron delocalization
transition was observed by x-ray absorption spectroscopy (XAS)
during cooling from 300 to 10 K.39 Moreover, the linear length
change from 300 to 77 K of Ce68Al10Cu20Co2 MG was determined
to be ∼0.34%,38 which is much more pronounced than the
La68Al10Cu20Co2 MG (∼0.19%) and Zr/Cu-based MGs (∼0.17%)
during cooling at the same conditions.38,39 In contrast, our previous
work has shown that delocalization of 4f electrons in the
Ce68Al10Cu20Co2 MG will cause a polyamorphic transition from a
low-density amorphous state to a high-density amorphous state
with a density increase of ∼9.6%;40 thus, a linear length change of

∼3.2%, which is one order of magnitude larger than the
temperature-induced shrinkage, makes a similar polymorphic tran-
sition during cooling unlikely.

On the other hand, it has been observed that both cooling and
compression could induce the delocalization of 4f electrons
accounting for the polymorphic γ-to-α transitions in pure Ce and
Ce-bearing crystalline alloys.41–43 One may expect that the low-
temperature elastic anomalies in Ce-based MGs may be related to
the delocalization of the 4f electrons as well. However, a careful
comparison between cooling and compression induced structural
changes in Ce-based MG systems has never been reported.
Assuming the irregular larger contraction (excess amount of
volume contraction compared with the La68Al10Cu20Co2 MG)
during cooling is indeed due to the 4f electron delocalization in the
Ce68Al10Cu20Co2 MG,38 and all the 4f electrons become delocalized
in the previous high-pressure experiments;40 the percentage of the
Ce atoms in the Ce68Al10Cu20Co2 MG participated in the 4f elec-
tron delocalization transition from room temperature to 77 K can
be estimated to be only (0.34%–0.19%)/3.2%≈ 4.7%. It is pretty
surprising, and so far, no experimental evidence to support this
speculation, which hinders our comprehensive understanding of
the polyamorphism in MGs in the pressure-temperature two-
dimensional space and the effect of structural disorder on 4f elec-
tron systems.

In this work, the prototype Ce68Al10Cu20Co2 MG is chosen as
an extensively studied system with a lot of unusual low-
temperature38 and high-pressure36,40 behavior reported. By using in
situ low-temperature synchrotron high-energy x-ray diffraction
(XRD), the structure factor, S(q), and reduced pair distribution
function, G(r), are obtained as a function of temperature from 298
down to 83 K. The sample’s thermal expansion coefficient and
detailed structural changes in both reciprocal space and real space
are derived and quantitatively analyzed, whose correlation with
possible temperature-induced polyamorphic transition is discussed
and clarified. By comparing the high-pressure and low-temperature
behavior, we found that the amount of Ce atoms participated in
the 4f electron delocalization can be quantitatively estimated from
the information of structural changes in real space (bond shorten-
ing and coordination number changes in sub-shells), which could
help to better understand the various anomalous behavior of
f-electron bearing MGs with changing temperature or pressure.

EXPERIMENTAL

Master ingots with a nominal composition of
Ce68Al10Cu20Co2 were prepared by arc-melting a mixture of
commercial-purity Ce (99.5 wt.%) with high-purity Al (99.99 at.%),
Cu (99.99 at.%), and Co (99.99 at.%) in a zirconium-gettered high-
purity argon atmosphere. Ingots were all re-melted five times to
ensure their chemical homogeneity. Ce68Al10Cu20Co2 MG rod
samples were prepared by copper-mold casting the master ingots
into cylinders with a diameter of ∼2 mm. Ce68Al10Cu20Co2 MG
ribbon samples with a thickness of ∼30 μm and a width of ∼2 mm
were prepared from the master ingots using a single roller melt-
spinning system. The glass nature of the prepared samples was veri-
fied by XRD and differential scanning calorimetry (DSC), which
are consistent with previous reports.38,44

FIG. 1. Structural evolution of the Ce68Al10Cu20Co2 MG upon cooling from 298
to 83 K in reciprocal space. (a) Structure factor, S(q), of the Ce68Al10Cu20Co2
MG. The two insets are the zoomed plots for the first (2.22–2.43 Å−1) and
second (3.55–4.93 Å−1) peaks in S(q) as marked by the black dashed arrows,
respectively. The blue arrows in the insets point to the directions of peak
changes during cooling. (b) Inverse peak position, 2π/q1, obtained by fitting the
first peak of S(q) using a Voigt function (blue open circles). The dashed red line
is the linear fit of the relatively high-temperature part (>200 K) of the 2π/q1 data.
The green arrow denotes the temperature where the 2π/q1 data positively
deviate from the linear fit.
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A disk with a thickness of ∼500 um was cut from the cylinder
samples for in situ low-temperature synchrotron high-energy XRD
at the beamline 11-ID-C of Advanced Photon Source (APS),
Argonne National Laboratory (ANL), USA. The x-ray wavelength
was 0.111 65 Å, and the x-ray beam size was set to be
0.5 × 0.5 mm2 defined by slits. The Ce68Al10Cu20Co2 MG sample
was cooled at 10 K/min in a Linkam THMS600 stage with the tem-
perature accuracy of 0.01 K. The exposure time for each diffraction
pattern was set to 30 s with a temperature resolution of around 5 K
per pattern. Two-dimensional (2D) XRD images were collected
continuously during cooling by a PerkinElmer amorphous silicon
detector, with a maximum wavevector momentum transfer of
q = 19 Å−1. Then, the 2D images were integrated into one-
dimensional I(q) data with the software Dioptas. S(q) and G(r) data
were further derived using the program package PDFgetX3.17

The standard four-probe method was employed for a low-
temperature electrical resistance measurement of the
Ce68Al10Cu20Co2 MG ribbon samples. A constant current of
20 mA was supplied by a current source (Keithley-6221), and the
voltage of the sample was measured by a nano-voltmeter
(Keithley-2182A). The low-temperature environment was con-
trolled by a Linkam HFS600E-PB4 probe stage with a temperature
accuracy of 0.01 K.

RESULTS AND DISCUSSION

Figure 1(a) shows the S(q) of Ce68Al10Cu20Co2 MG upon
cooling from 298 to 83 K. The S(q) patterns present typical amor-
phous features with a limited number of broad peaks, and the peak
intensity quickly decays with increasing q. There are no obvious

changes caused by structural transitions or crystallizations over the
entire temperature range, as shown in Fig. 1(a). All the patterns
seem to coincide with each other, and the temperature-induced
changes are subtle as expected, which is consistent with the previ-
ous report in other MGs.45 The insets of Fig. 1(a) present the
enlarged plots of the first (2.22–2.43 Å−1) and second (3.55–
4.93 Å−1) peaks of S(q). A consistent increase of peak intensity and
right-shifting peak positions with cooling can be observed, mainly
attributed to cooling-induced structural shrinkage,46 which resem-
bles the pressure-induced structural densification in the
Ce68Al10Cu20Co2 MG but within a much smaller amplitude.40 It
should be noted that high-pressure causes splitting of the second
peak, and a much stronger subpeak emerges at the right shoulder
of the second peak, which is one of the most significant features in
S(q) associated with the polyamorphic transition.14,25 In contrast,
the right shoulder of the second peak of S(q) remains almost cons-
tant during cooling, which seems against the previous speculation
of a temperature-induced polyamorphic transition38,39 and suggests
that cooling-induced structural changes have their own feature dif-
ferent from compression of the Ce-based MGs.

Figure 1(b) shows the inverse peak position of the first peak of
S(q), 2π/q1, as a function of temperature. According to the previous
work, 2π/q1 is proportional to the average atomic spacing in MGs
and could give a perfect estimation of the linear thermal expansion
with varying temperatures.45 The data in Fig. 1(b) show a linear
behavior above ∼140 K with a linear expansion coefficient of
(4.85 ± 0.03) × 10−5 K−1. This value is much larger (∼3 times) than
the typical values of other regular MGs measured by similar XRD
techniques, e.g., ∼1.66 × 10−5 K−1 for the Pd40Cu30Ni10P20 MG,45

∼1.4 × 10−5 K−1 for the La62Al14(Cu5/6Ag1/6)14Ni5Co5 MG,47

and ∼1.1 × 10−5 K−1 for the Zr60Ti2Cu20Ni8Al10 MG48 but supports
the observation of an anomalous large length change of the
Ce68Al10Cu20Co2 MG compared with the other La-based and
Zr/Cu-based MGs cooling from room temperature to the liquid
nitrogen temperature.38,39 When the temperature is below ∼140 K,
the decrease of 2π/q1 slows down and starts to deviate from the
initial linear trend.

After Fourier transformation, G(r) can be derived from S(q),
which offers structural information in real space in terms of a prob-
ability distribution of interatomic pair correlations as shown in
Fig. 2(a). The quickly vanished oscillations above ∼20 Å confirm a
highly disordered glass structure of the MG sample. Similar to the
S(q) patterns, all the G(r) patterns almost coincide with each other
during cooling. Since a typical pressure-induced polyamorphic
transition usually causes abrupt bond shortening, the first peak of
G(r) is zoomed in Fig. 2(b) for more careful analysis. The first peak
of G(r) mainly consists of two subpeaks, which show a consistent
increase of peak intensities, narrowing of peak widths, and right-
shifting of positions during cooling. Although the changes of peak
intensities and widths are consistent with the consequence of a
temperature decrease based on the framework of the Debye
theory,48 the right-shifting of both peak positions seems counter-
intuitive because it means that the bonds expand rather than bonds
contract during cooling. The previous work on melts of pure
metals has observed similar phenomena attributed to the inverse
proportional relationship between coordination numbers in the
first atomic shell and temperatures,46,49 as well as in many multi-

FIG. 2. Structural evolution of the Ce68Al10Cu20Co2 MG upon cooling from 298
to 83 K in real space. (a) Reduced pair distribution function, G(r), of the
Ce68Al10Cu20Co2 MG. (b) The zoomed plot of the first peak in G(r). The arrows
point to the directions of peak changes during cooling. The ball symbols with
drop lines represent the bond distances in the first atomic shell based on a
hard-sphere model.51 The height of the drop lines corresponds to the weight
value of each atomic pair.
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component MG systems.46 Therefore, it seems that no unusual phe-
nomenon is directly associated with a possible cooling-induced pol-
yamorphic transition.

Although in total, there are ten different atomic pairs in a
four-component alloy such as the Ce68Al10Cu20Co2 MG, due to the
significant differences in x-ray scattering factors and concentrations
between the four components, only two atomic pairs have the dom-
inant contributions to the first peak of G(r) with two of the highest
weights, wij, i.e., the Ce–Ce (wij: 0.701 72) and Ce–Cu (wij: 0.206 43)
atomic pairs as denoted in Fig. 2(b). Therefore, it is reasonable to
have two Gaussian peaks to fit the first peak of G(r), which was an
extensively employed method for quantitative analysis of G(r) in
MGs.50,51 The fitting results of normalized subpeak positions
(r/r298 K), widths (W/W298 K), areas (A/A298 K), and area changes
over the total peak area (ΔAsub/Atotal) are shown in Fig. 3. The
width changes are pretty consistent between the two subpeaks. In
contrast, the peak position and the area of the first subpeak
(Ce–Cu pair dominated, denoted as subpeak-11 in the figure)
change much more dramatically than the second subpeak (Ce–Ce
pair dominated, denoted as subpeak-12 in the figure). Notably, the
area of the first subpeak increases, while that of the second subpeak
slightly decreases upon cooling. Since the peak area in G(r) is pro-
portional to its corresponding coordination number, it is likely that

some neighbor atoms in the second subpeak gradually move into
the first subpeak with shorter bond lengths. This speculation is in
line with changes in the pressure-induced polyamorphic transitions
in Ce-bearing MGs.14,16 Specifically, pressure-induced delocaliza-
tion of 4f electrons in Ce causes the Ce–Ce bond length shortening
and Ce atomic volume collapse. Therefore, the first peak of the
partial G(r) of Ce–Ce pairs will split, and a new subpeak emerges
with a much shorter bond length at the expense of the initial
Ce–Ce subpeak intensity.14 Actually, temperature-induced γ-to-α
transitions at constant pressures in pure crystalline Ce and
Ce-bearing alloys have been extensively observed. Lower pressure is
usually required to trigger their transitions with decreasing
temperature.41–43 Therefore, it is reasonable to attribute the abnor-
mal area decrease of the second subpeak in the first G(r) peak of
the Ce68Al10Cu20Co2 MG to the temperature-induced 4f electron
delocalization at ambient pressure. This speculation also could
rationalize the much smaller linear coefficient of the second
subpeak shift upon cooling [Fig. 3(a)]; i.e., cooling-induced coordi-
nation number increase is partially compensated for by the 4f
delocalization of Ce atoms. However, it should be noted that due to
the diverse environment (intrinsic structural heterogeneity) of the
Ce atoms in a glass structure, the critical temperature or pressure
for the 4f delocalization of each individual Ce atom could have a
wide distribution. Therefore, only a tiny portion of Ce atoms may
gradually satisfy the criterion to show 4f delocalization transitions
by decreasing temperature, which does not cause a sharp global
volume collapse, and, therefore, is manifested as continuous
changes in S(q) and the linear thermal expansion coefficient mea-
surement. According to the relative subpeak area change over the
almost constant area of the whole first peak of G(r) as shown in
Fig. 3(d), ΔA11/(A11 + A12) or ΔA12/(A11 + A12), a rough estimation
of the portion of Ce atoms that participate in the possible 4f deloc-
alization is as small as ∼(2.6 ± 0.6)% down to 83 K. This small

FIG. 3. Relative changes of the fitted Gaussian profile parameters of the two
subpeaks in the first peak of G(r) from 298 to 83 K. (a) Peak position r. (b)
Peak width W. (c) Subpeak area A. (d) Change of the subpeak area over a total
peak area, (A11 – A11_298 K)/A and (A12_298 K – A12)/A. The two data sets overlap
with each other very well because the area of the whole first peak of G(r)
remains almost constant during cooling. The dashed lines are linear fits of the
data. Subpeak-11 (blue squares) and subpeak-12 (red circle) represent the
Ce–Cu and Ce–Ce dominated atomic pairs, respectively.

FIG. 4. Relative changes of resistivity (R/R285 K) of the Ce68Al10Cu20Co2 MG
from 285 to 93 K (red circles) compared with data of the La75Al25 MG from
Ref. 53 (black circles).
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value reasonably matches the value estimated from the linear
length change (∼4.7% at 77 K), which suggests that the high-
pressure and the low-temperature do have a similar effect on the 4f
electron behavior in the MG system. This also explains the anoma-
lous large thermal expansion coefficient estimated from the
thermal shift of the principal peak of S(q) but without an abrupt
change due to the continuous 4f electron delocalization of only a
small portion of the Ce atoms. The slope deviation at around 140 K
in the 2π/q1 vs T in Fig. 1(b) is still unclear. More experiments are
needed to address if this positive deviation is due to the slowing
down of the 4f-electron delocalization. Thus, other than sophisti-
cated XAS experiment detecting the electron state change in
Ce-based MGs,16,20,39 we show that atomic structural changes in
both reciprocal (S(q)) and real space (G(r)) could be employed as
an alternative ready method to monitor the delocalization of 4f
electrons associated with Ce–Ce bond shortening.

Electrical resistivity of MGs is also a sensitive structural probe,
which usually shows pronounced drops through the pressure-induced
polyamorphic transitions during compression.17,52,53 The electrical
resistivity measurement of the Ce68Al10Cu20Co2 MG during cooling
(Fig. 4) shows a very similar trend with the alloy without 4f elec-
trons, the La75Al25 MG,54 confirming the continuous evolution of
the structure as well. Nevertheless, it should be noted that the tem-
perature coefficient of resistivity (TCR) of the Ce68Al10Cu20Co2
MG is much smaller (∼one fifth at 93 K) than that of the La75Al25
MG, which could be associated with the gradually increased
number of conduction electrons due to the continuous 4f electron
delocalization during cooling. However, a transition from negative
to positive TCR reported in Ce-based MG under high pressure17

has not been achieved yet by cooling, which further indicates that
cooling along at ambient pressure is not as powerful as pressure in
intriguing global polyamorphic transitions in Ce-based MGs.

SUMMARY

In conclusion, by monitoring the structural evolution of a pro-
totype polyamorphous Ce68Al10Cu20Co2 MG using the in situ low-
temperature high-energy synchrotron XRD, detailed structural
information in both reciprocal space [S(q)] and real space [G(r)]
are obtained as a function of temperature from 298 down to 83 K.
Although there are no abrupt changes in the S(q) indicating the
absence of a global temperature-induced polyamorphic transition,
the unusually large linear thermal expansion coefficient estimated
from the thermal shift of the principal peak of S(q) can be attrib-
uted to the continuous delocalization of 4f electrons in a small
portion of Ce atoms. Moreover, quantitative analysis of the two
subpeaks of the first peak of G(r) shows inconsistent changes; i.e.,
the second subpeak mainly originated from the Ce–Ce atomic pairs
shows a peak area decrease, which resembles the typical 4f electron
delocalization transition observed previously in other Ce-bearing
MGs under high pressures. The amount of Ce atoms that partici-
pated in the possible polyamorphic transition is minimal,
∼(2.6 ± 0.6)% at 83 K, according to the relative subpeak area
change over the total area of the first peak in G(r), which matches
reasonably well with the value estimated from linear thermal con-
traction (∼4.7% at 77 K). The low-temperature electrical resistivity
measurement confirms the continuous structural changes during

cooling associated with 4f electron delocalization. These results
provide a rational explanation for the previously reported anoma-
lous phonon softening (decrease of the longitudinal sound velocity
and bulk modulus) upon cooling38 in the Ce68Al10Cu20Co2 MG
and also clarify that temperature alone is not powerful enough to
trigger a global polyamorphic transition associated with the 4f elec-
tron delocalization as reported under high pressure in the Ce-based
MGs. The opposite trends of transverse sound modes observed
during cooling (stiffening)38 and compression (softening)36,37 can
be explained by the relatively low sensitivity of transverse sound
velocity to external stimuli (e.g., much smaller dv/dP)36,37 and
limited tuning power of cooling compared to high pressure com-
pression on the Ce-based MGs. These results also suggest that the
local environment of Ce atoms in the glass structure is quite
diverse with a wide distribution, and only a very small portion of
the Ce atoms could gradually satisfy the conditions for the 4f elec-
tron delocalization during cooling at ambient pressure. On the
other hand, it is demonstrated that Ce atoms with pressure or
temperature-induced 4f electron delocalization could be employed
as a sensitive probe for a local structural heterogeneity study of
MGs in the future.
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