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It has been a long, interesting, and mysterious nonequilibrium phenomenon that hot water may freeze
faster than warm water, which is known as Mpemba effect. Studying its physical origin and exploring new
Mpembalike effects have attracted broad interests. Here, we report experimental evidence of a novel
Mpembalike effect in the aging process of glasses: a glass with an initial higher energy state ages (enthalpy
decreases) faster and surpasses the glass with an initial lower energy state. This phenomenon is universally
observed in different types of structural glasses, including metallic, polymer, and molecular glasses. The
underlying thermodynamic mechanism is also studied using high-precision nanocalorimetry. It is found
that preannealing at a higher temperature is critical to triggering the faster aging kinetics of the Mpembalike
effect. This is attributed to the activation of a secondary β relaxation peak with a substantially lower kinetic
barrier than the primary α relaxation peak. Thus, besides the α relaxation, the β relaxation plays a pivotal
role in the enthalpy aging process, which is very sensitive to the thermal history. These findings may have
broad implications for optimizing the thermal treatment and relaxations of different types of
glasses.
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In the classical paradigm of near-equilibrium systems, a
hot or high-energy object should take longer to cool than a
cold or low-energy object. Yet, the counterintuitive phe-
nomenon “hot milk can freeze faster into ice-cream” was
recorded in the 1960s, the well-known Mpemba effect [1]
that could date back 2300 years to the time of Aristotle
[2–5]. Since then, the Mpemba effect has been found in
many classical systems [2,3,6–20], even in quantum states
[21–35]. For example, Kumar and Bechhoefer confirmed
that the motion of a colloidal particle at hot temperatures
relaxes faster than at cold temperatures by using optical
tweezers [2]. Lu and Raz suggested the universality of the
Mpemba effect in complex systems based on the typical
Ising model [3,9,10,27]. However, the Mpemba effect has
not been reported in structural glasses, which are a typical
family of nonequilibrium materials.
The classical Mpemba effect on freezing milk or water

involves a first-order phase transition, i.e., the nucleation of
crystals. The stochasticity of the nucleation processesmakes
the freezing process very sensitive to environments and has
caused extensive debates over the classical Mpemba effect
[36–38]. Recently, Baity-Jesi et al. found a crossing or
intersection phenomenon in the energy aging process of a
spin glass, where the initial higher-energy spin glass

surpasses the initial lower-energy spin glass [3]. This is
akin to the classical Mpemba effect in freezing water.
The aging process of glassy systems lacks a first-order
phase transition, which can rule out the influence of
stochastic nucleation and thus make these ideal systems
to study the universality of theMpemba effect. However, the
classical phenomenological models, such as the Tool-
Narayanaswamy-Moynihanmodel [39,40], intuitively show
that a glass in an initial higher-energy takes longer time
than a glass in an initial lower-energy to reach the same low
energy, which is contrary to Mpemba effect. Therefore,
it is interesting to study whether the Mpembalike effect
exists in glasses and, if so, the underlying physical
mechanisms.
In this Letter, the aging kinetics of three typical glasses are

studied using a high-precision nanocalorimeter (Mettler-
Toledo Flash DSC 1): an Au-based metallic glass (MG) in a
nominal composition of Au49Cu26.9Ag5.5Pd2.3Si16.3 (at.%),
a polyvinyl chloride (PVC) glass, and a sulfur glass. A two-
step annealing protocol that first anneals at a high temper-
ature and then at a lower temperature is compared to a one-
step annealing protocol at the lower temperature. The high-
temperature preannealed glass is controlled to maintain
higher or equal enthalpy compared to the lower-temperature
preannealed glass. It is interesting to find that, along with
the decreasing of enthalpy, the initial high-enthalpy
glass surpasses the initial low-enthalpy glass, with a inter-
section in the time-dependent enthalpy aging curves.
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This Mpembalike effect is universally observed in the three
glasses with quite different chemical bonds. The underlying
physical mechanism is further studied.
The thermal protocols of single annealing and two-step

annealing are compared by using Differential scanning
calorimetry (DSC) measurements, as shown in Figs. 1(a)
and 1(b). Before isothermal annealing, a reference DSC
trace of the directly cooled glass is measured, where the
cooling rate is 10 000 K=s and the heating rate is
1000 K=s. For the one-step annealing protocol, the melt
is cooled to some temperatures below Tg;c to anneal, and
then the annealed glass is heated up to measure the DSC
trace at 1000 K=s, as shown in Fig. 1(a). For the two-step
annealing protocol, the sample is first preannealed at a
higher temperature T1 and then annealed at a lower
temperature T2, as shown in Fig. 1(b). The representative
DSC traces of a directly cooled and two-step annealed
(T1 ¼ 393 K for t1 ¼ 10 s and T2 ¼ 363 K for t2 ¼ 5 s)
Au-based MG are shown in Fig. 1(c). It is found that the
annealed glass has an extra endothermic peak compared to
the as-cooled glass around the glass transition temperature
Tg. The relaxation peak is obtained by subtracting the two
heat flow traces, as shown in the inset of Fig. 1(c). The
enthalpy change Δh is calculated by integrating the heat
flow of relaxation peaks, Δh ¼ R Tl

Ta
CpdT, with Ta repre-

senting the lower annealing temperature (usually T2 is used
as T2 ≤ T1), Tl is the integral upper limit temperature in the

stable supercooled liquid state, and Cp is specific heat. The
PVC glass and sulfur glass both show an endothermic peak
after reheating (see Ref. [41]). The time-dependent
enthalpy aging process is shown in Figs. 1(d)–1(f).
Interestingly, the initial high-enthalpy glass surpasses the
initial low-enthalpy glass, with an intersection or crossing
at ti for the two enthalpy curves. Such an abnormal
relaxation behavior is akin to the classic Mpemba effect
in freezing water. It is worth noting that this phenomenon is
observed in all three glasses with quite different bonding
characters, which suggests the effect’s universality in
glasses.
To study what conditions will trigger the Mpembalike

effect, the influence of the preannealing temperature and
the prerelaxed enthalpy are studied separately. Figures 2(a)
and 2(b) show the influence of preannealing temperature.
The enthalpy aging process is studied in two protocols, as
shown in Fig. 2(a). The first is preannealing the glass
isothermally at temperature T1, then jumping to a lower
temperature T2 for further aging (two-step aging). The
second protocol is annealing only at T2 (single aging). The
enthalpy aging process at T2 in the two protocols is
compared, as shown in Fig. 2(b). In order to make the
Δh be the same at different temperatures, the glass is
preannealed at T1 ¼ 413 K for t1 ¼ 0.5 s (where the glass
has a Δh ¼ 0.175 kJ=mol when aged to the equilibrium
supercooled liquid state; this Δh value is selected as a
reference). To reach the same Δh, the glass is preannealed
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FIG. 1. (a),(b) Schematic illustration of thermal protocols for measuring the DSC trace of as-cooled glass and annealed glass. The
cooling rate is Rc ¼ 10 000 K=s and heating rate is Rh ¼ 1000 K=s. Tg;c is the onset glass transition temperature upon cooling.
(c) Representative DSC traces of the as-cooled Au-based MG sample and the sample annealed at T1 ¼ 393 K for t1 ¼ 10 s and
T2 ¼ 363 K for t2 ¼ 5 s. Inset is the corresponding relaxation peak obtained by subtracting the two DSC traces. (d) The enthalpy
change (Δh) for MG at T2 ¼ 363 K, which was preannealed at T1 ¼ 393 K for t1 ¼ 0.1 s (red) and T1 ¼ 363 K for t1 ¼ 1 s (black),
respectively. (e) The Δh for PVC polymer glass at T2 ¼ 388 K, which was preannealed at T1 ¼ 418 K for t1 ¼ 20 s (red) and
T1 ¼ 388 K for t1 ¼ 20 s (black), respectively. (f) TheΔh for sulfur at T2 ¼ 213 K, which was preannealed at T1 ¼ 233 K for t1 ¼ 5 s
(red) and T1 ¼ 213 K for t1 ¼ 10 s (black), respectively. The two enthalpy curves intersect each other at some time, ti, which is a typical
characteristic of the Mpemba effect.
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at T1 ¼ 403 K for t1 ¼ 0.08 s, at T1 ¼ 393 K for
t1 ¼ 0.1 s, at T1 ¼ 383 K for t1 ¼ 0.12 s, and at T1 ¼
373 K for t1 ¼ 0.17 s. All samples were then quenched to
T2 ¼ 363 K. It is found that the enthalpy of samples
preannealed at higher temperatures decreased faster than
the sample preaged at T ¼ 363 K, with an intersection or
crossing at time ti. For example, the intersection time ti for
the glass preannealed at T1 ¼ 383 K and the reference
glass (the sample annealed at 363 K) is about 2.8 s, as
shown in Fig. 2(b). A higher preannealing temperature
yields a smaller ti, suggesting a faster aging rate at low
temperature.
The influence of the enthalpy state after preannealing is

studied and shown in Figs. 2(c) and 2(d). The schematic
thermal protocol in the enthalpy space is shown in
Fig. 2(c). The glass is cooled from melt to T1 ¼ 393 K
and isothermally annealed for t1 ¼ 1, 2, 5, 10, 100 s.
Subsequently, the temperature jumps down to a lower
T2 ¼ 363 K at a cooling rate Rc ¼ 10 000 K=s and is
further annealed isothermally. In Fig. 2(d), the enthalpy

aging process at T2 is compared with another glass that has
been preaged at 363 K for 20 s (whose Δh is almost the
same as the glass preannealed at 393 K for 100 s).
Interestingly, all the glasses that are preannealed at a higher
temperature age much faster, regardless of their initial
enthalpy state. These results suggest that the Mpembalike
effect exists in the enthalpy relaxation process of glass.
To unravel the underlying mechanism of the aging

Mpembalike effect, the relaxation kinetics is studied. For
the glass annealed at a single temperature, 363 K, two
representative DSC traces done after annealing at 363 K for
20 s (red trace) and 25 s (blue trace) are shown in Fig. 3(a).
The inset shows the subtraction of the two traces,
which is composed of a single peak. The height of the
relaxation peak increases along with the increase of
annealing time, as shown in Fig. 3(b). This confirms the
enthalpy aging process. For Debye relaxation, the changing
rate of a physical parameter is proportional to itself [44].
Here, the heat flow in DSC measurement corresponds
to the energy change rate, which can be given as
dQðtÞ=dt ¼ ½Q0 −QðtÞ�=τ. It yields a function to describe
the relaxation peak based on the Debye equation [45,46],

QðtÞ ¼ Q0

�
1 − exp

�
− t
τðTÞ

��
: ð1Þ

For a continuous heating process, the time t and temper-
ature T are related to the heating rate Rh as dT ¼ Rhdt.
Equation (1) can be reformed into

QðtÞ ¼ Q0

�
1 − exp

�
−
Z

t

ts

dt
τðTÞ

��

¼ Q0

�
1 − exp

�
−
Z

T

Ts

dT
RhτðTÞ

��
; ð2Þ

where Q0 is a constant, τðTÞ is the temperature-
dependent characteristic relaxation time, ts is the start
time, and Ts is the start temperature. The T-dependent
relaxation time of β relaxation follows the Arrhenius form
τ ¼ τ0 expðE�=RTÞ, while the T-dependent relaxation time
of α relaxation follows the Vogel-Fulcher-Tammann
form τ ¼ τ0 exp½DT0=ðT − T0Þ�. Equation (2) is evaluated
numerically, and the continuous heating is replaced by the
superposition of a series of isothermal steps, Δt ¼ ΔT=Rh.
The evolution of enthalpy is rewritten as

QðtÞ ¼ Q0

�
1 − exp

�
−Xn

i¼1

Δt
τðtiÞ

��
: ð3Þ

It suggests that the E� of primary α relaxation peak is about
400 kJ=mol=K [40,47]. The fitting result yields an activa-
tion energy of about 488 kJ=mol. This suggests that the
aging process is dominated by α relaxation. It does not
change along with annealing time, as shown in Fig. 3(c).
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FIG. 2. (a) Isothermal annealing protocol in the space of
enthalpy versus temperature for single aging (black) and two-
step aging by changing the preannealing temperatures (color).
(b) Mpemba effect during enthalpy aging. The enthalpy change
(Δh) at T2 ¼ 363 K for samples being preannealed at T1 ¼
363 K for t1 ¼ 1.0 s (black), T1 ¼ 373 K for t1 ¼ 0.17 s (blue),
T1 ¼ 383 K for t1 ¼ 0.12 s (cyan), T1 ¼ 393 K for t1 ¼ 0.1 s
(olive), T1 ¼ 403 K for t1 ¼ 0.08 s (orange), T1 ¼ 413 K for
t1 ¼ 0.5 s (red), respectively. (c) Isothermal annealing protocol in
the space of enthalpy versus temperature for single aging (black)
and two-step aging by changing the enthalpy states (color).
(d) The enthalpy change (Δh) of the sample at T2 ¼ 363 K
preannealed at T1 ¼ 363 K for t1 ¼ 20 s (black) or preannealed
at T1 ¼ 393 K for t1 ¼ 1 s (blue), 2 s (cyan), 5 s (olive), 10 s
(orange), 100 s (red).
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For the two-step aging process, the glass is first annealed
at 393 K and further annealed at 363K. Representative DSC
traces are shown in Fig. 3(d). The inset shows the subtraction
of the two traces. It is intriguing that the curve is composed
of two relaxation peaks. One is around 450 K, and the other
is around 400 K. Along with the increase of annealing time,
both peaks increase, which indicates a decrease in enthalpy
(e.g., aging), as shown in Fig. 3(e). The E� of the high-

temperature peak is about 488 kJ=mol, corresponding to the
α relaxation; the E� of the low-temperature relaxation peak
is about 60–100 kJ=mol=K, which is consistent with the
26RTg for the β relaxation, as shown in Fig. 3(f). The β
relaxation has much smaller activation energy and ages
much faster than the α relaxation.
The contributions of the β relaxation and α relaxation in

the aging process are shown in Fig. 4. For the single
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FIG. 3. (a) The heat flow curves measured for heating at a rate of 1000 K=s. Red, the sample annealed at T1 ¼ 363 K for t1 ¼ 20 s;
blue, the sample annealed at T1 ¼ 363 K for t1 ¼ 25 s. Inset is the relaxation trace obtained by subtracting the two traces. (b) The
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annealing time t2.
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relaxation peak [the inset of Fig. 3(a)], the weight of the α
relaxation is the total enthalpy change Δh, while the
weights of the α and β relaxations are calculated based
on the proportion of the area of the Debye fitted peaks,
Δh ¼ Δhβ þ Δhα [see the inset of Fig. 3(d)]. When
T1 ¼ T2, the enthalpy ages only through the α relaxation
and the aging rate is slow, as shown in Figs. 4(a) and 4(e).
However, when T1 > T2 ¼ 363 K, the enthalpy ages
through both the β relaxation and α relaxation, as shown
in Figs. 4(b)–4(d) and 4(f)–4(h). In Figs. 4(b)–4(d),
the contribution of the β relaxation increases along with
the increase of preannealing temperature. In Figs. 4(f)–4(h),
the contribution of the β relaxation decreases along with the
increase of preannealing time. The rate of the enthalpy
change (∂Δh=∂ ln t2) exhibits a linear relationship with the
amount of β relaxation (Δhβ;max, the maximum enthalpy
change contributed by the β relaxation), as shown in
Fig. 4(i). Thus, the activation of the β relaxation plays a
critical role in triggering the Mpembalike effect.
It is worth comparing the well-known Kovacs memory

effect [48,49] in glass with the Mpembalike effect observed
here. These are two typical abnormal relaxation phenomena
in glasses. Both effects involve two-step annealing. When
the first annealing temperature T1 is lower than the second
annealing temperature T2, the Kovacs memory effect would
show that the enthalpy increases first before further
decreasing; when T1 > T2, the Mpembalike effect shows
up. This suggests that the annealing temperatures are
noncommutable. The interaction of different relaxation
units and the role of entropy in these abnormal phenomena
are worth future study.
The classical theories thought that the aging of glasses is

conveyed mainly through α relaxation. However, recent
studies have found that there are multiple steps when the
glasses relax toward equilibrium [45,50–52]. This Letter
demonstrates that the β relaxation plays a pivotal role in
glass equilibration, which can accelerate the aging rate
during the two-step annealing protocol. Together with
previous work [53], it suggests that the β relaxation is
sensitive to thermal history. Thus, the space may be quite
large for designing the thermal treatment of different types
of glasses. Many mysteries are waiting to be explored.
In summary, theMpembalike effect is observed in metallic

glass,molecular glass, and polymer during the enthalpy aging
process. This is a new example of the Mpembalike effect in
disordered materials and suggests the universality of the
Mpembalike effect in glasses. The rapid agingassociatedwith
the Mpembalike effect correlates with the activation of
secondary β relaxation. On the other hand, the
Mpembalike effect sheds new light on deepening the under-
standing of energy control for glasses, as well as optimizing
the heat treatment and thermal relaxation of devices.
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