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Significance

Understanding the nature of 
glasses are one of the most 
interesting kernels in condensed 
matter physics. Glassy materials 
usually exhibit different types of 
relaxation modes, which are 
coupled with each other and 
exhibit nonexponential 
characteristics. There is a 
well-known hypothesis that 
nonexponential relaxations 
should be composed of a series 
of exponential relaxation events. 
However, it is still lack of critical 
experimental evidence. Here, we 
provide solid evidence that the 
nonexponential relaxation peaks 
in glasses are composed of series 
of exponential relaxation units. 
The quantitative measurement 
and precise modulation of these 
exponential relaxation units not 
only provide insights into 
understanding the nature of 
glasses but also provide 
opportunities for enhancing the 
properties.
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Nonexponential relaxations are universal characteristics for glassy materials. There 
is a well-known hypothesis that nonexponential relaxation peaks are composed of a 
series of exponential events, which have not been verified. In this Letter, we discover 
the exponential relaxation events during the recovery process using a high-precision 
nanocalorimetry, which are universal for metallic glasses and organic glasses. The 
relaxation peaks can be well fitted by the exponential Debye function with a single 
activation energy. The activation energy covers a broad range from α relaxation to β 
relaxation and even the fast γ/β′ relaxation. We obtain the complete spectrum of the 
exponential relaxation peaks over a wide temperature range from 0.63Tg to 1.03Tg, 
which provides solid evidence that nonexponential relaxation peaks can be decom-
posed into exponential relaxation units. Furthermore, the contribution of different 
relaxation modes in the nonequilibrium enthalpy space is measured. These results 
open a door for developing the thermodynamics of nonequilibrium physics and for 
precisely modulating the properties of glasses by controlling the relaxation modes.

glasses | non-exponential relaxation | exponential relaxation spectrum | nanocalorimetry

Glassy states can be formed in various materials with different types of bonding charac-
teristics, e.g., oxides, alloys, molecules, and polymers (1–4). The nature of glasses and glass 
transition are one of the most interesting and deepest problems in condensed matter 
physics. Owing to the nonequilibrium nature, atoms in glasses exhibit extra collective 
motions besides phonons, e.g., relaxations (1, 5, 6). Studying the relaxation behaviors is 
of special interests for understanding the nature of glasses (7–9). The relaxations are closely 
related to atomic diffusion (10, 11), structural heterogeneity (12, 13), mechanical prop-
erties (14–16), and the crystallization behavior (17–19). To date, several types of relaxation 
modes have been identified, e.g., primary α relaxation, slow β relaxation, γ/β′ relaxation, 
and Boson peaks (6, 15, 20). However, the physical description of the relaxation kinetics 
is far less comprehensive than that of the lattice vibrations in crystals.

One of the vital fundamental challenges is why relaxations usually exhibit nonexpo-
nential behavior (8, 21, 22), which could be described by the phenomenological 
Kohlrausch–Williams–Watts or Havriliak–Negami equations (23–25). The nonexponen-
tial behavior is believed to be associated with the heterogeneous structure of glasses. The 
local regions in glasses may obey various exponential laws, but the superposed state exhibits 
a nonexponential characteristic (4, 26–29). Pioneering works based on hole-burning 
technology provide a clue that the broadened relaxation spectra may originate from a 
distribution of exponential kinetics or Debye responses (30–33). However, a systematic 
exponential relaxation spectrum has not been reported. Recent dielectric experiments by 
Richert et al. (34, 35) show that the recovery process exhibits exponential characteristics, 
which would be helpful for determining the complete exponential relaxation spectrum.

In this work, the enthalpy relaxation peaks after a short-time annealing were measured 
using high-precision nanocalorimetry Differential scanning calorimetry (Flash DSC) (36–38) 
for a model metallic glass (Au49Cu26.9Ag5.5Pd2.3Si16.3). It covers a very wide temperature 
range from 253 K to 413 K, i.e., 0.63 Tg to 1.03 Tg, with the glass transition temperature 
Tg = 401 K. We show that the relaxation heat flow peaks have well-defined spectrum char-
acteristics, which follows the exponential Debye form. The quantitative contributions of 
various exponential relaxation components are measured in the temperature–enthalpy space.

Results

DSC, especially recently developed flash nanocalorimetry (36–39), provides a high-pre-
cision method that can detect very small heat flow responses when the enthalpy state 
changes (39–42). Herein, we measured the enthalpy relaxation kinetics based on a per-
turbation methodology to minimize the coupling effect between different relaxation D
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modes. The schematic plot is shown in Fig. 1A, the sample was 
measured at cooling rate Rc=10,000 K/s and heating rate Rh = 
1,000 K/s. In Fig. 1B, the sample preannealed at Ta = 303 K for 
a short time (i.e., ta = 5 s) exhibits an extra endothermic peak 
immediately above Ta compared to the as-cooled glass. The relax-
ation peak was obtained by subtracting the as-cooled heat flow 
trace, as shown in the inset of Fig. 1B. The routes of aging and 
recovery are indicated by blue and red arrows, respectively, as 
shown in Fig. 1C. For the same enthalpy, the onset of structural 
recovery shifts to higher temperature with the annealing temper-
ature increases from Ta1 to Ta3. Similarly, the recovery route also 
shifts to higher temperatures with the decrease of enthalpy at a 
given temperature Ta1. The subsequent reheating route of annealed 
sample follows the route of isothermal process (Ta) until recovery 
is activated. Thus, the recovery process and the aging process 
should have a one-to-one relationship. Hereafter, we use the recov-
ery heat flow peaks to represent the corresponding aging effect.

Interestingly, if we plot the heat flow peaks of samples annealed 
for ta = 5 s at Ta = 273 to 393 K in a semi-logarithmic diagram, as 
shown in Fig. 2A, the contour shows a primary α relaxation peak 
accompanied with a broad β relaxation shoulder. A similar heat 
flow peak spectrum can be also constructed for the sample 
annealed at a given temperature for various times ta, as shown in 
Fig. 2B. The contour of relaxation peaks of sample annealed at 
Ta = 253 K for ta = 20, 50, 100, 200, 500, 1,000, 2,000, 5,000 s, 
303 K for ta = 20, 50, 100, 200, 500, 1,000, 2,000, 5,000, 
10,000 s, 318 K for ta = 2,000, 5,000, 10,000 s and 363 K for ta = 
100, 200, 500, 1,000, 2,000, 5,000 s exhibits a primary α relax-
ation peak and a broad β relaxation shoulder, which is similar with 
the DMA spectrum in Fig. 2C. It is worthy to note that this 
phenomenon is also observed in other glassy materials, including 
metallic glass, polymer glass and small molecule glass (SI Appendix, 
Figs. S2–S6), which suggests its universality in glasses.

Fig. 2 provides the experimental evidence that the nonexponen-
tial broad relaxation peaks (e.g., β relaxation and α relaxation) can 
be decomposed into a series of relaxation peaks, especially beyond 
the intermediate temperatures. For relaxation peaks at intermediate 
temperatures, a minor excess wing-like signal is detected in addition 
to the main peak. But the excess wing has been greatly depressed 
by about 70% compared to the β relaxation peaks at low temper-
ature (e.g., 358 K), which suggest that β relaxation and α relaxation 
has been greatly decomposed. To better illustrate the contour of 
heat flow traces, the temperature-dependent loss modulus (E″) at 
a driving frequency of f = 2 Hz for the Au-based metallic glass was 
given in Fig. 2C. The loss modulus curve shows a pronounced α 

relaxation peak with a β relaxation shoulder at lower temperatures, 
which is consistent with previous results (43–46). A general non-
exponential Havriliak−Negami (HN) equation and an exponential 
Debye equation (47, 48) are used to fit the DMA curve:

	
[1]HN equation:E = Eu +

Eu − Er

[1+ (i��)a]b
, 

	 [2]Debye equation: E = Eu +
Eu − Er
1 + i��

,

where E is the complex modulus, Eu denotes the unrelaxed mod-
ulus, Er is the relaxed modulus, i represents the imaginary part, ω 
is the angular frequency, τ is the characteristic relaxation time, a 
and b are the parameters ranging between 0 and 1, respectively. The 
fitting from the Debye model with a single relaxation time or acti-
vation energy is much narrower than either the α relaxation peak 
or β relaxation peak. However, the nonexponential HN equation 
gives a good fitting to the overall experimental curve by involving 
a distribution of relaxation times. Even though DMA can sensi-
tively detect the inelastic mechanical response in glasses, the applied 
strain may cause inharmonic effects (49) that make the different 
relaxation peaks broad and less distinguishable. In other word, the 
contour of these heat flow curves is similar with the DMA loss 
modulus curve, reflecting the nonexponential peak is successfully 
decomposed into subpeaks.

It would be useful to study whether the heating flow peaks exhibit 
nonexponential or exponential characters. In the recent work (34), 
it is proposed that the recovery process would show exponential 
characteristics. To verify this, we tried to use the Debye equation to 
fit each relaxation peak, as shown in Fig. 3 A and C. The classical 
Debye equation with a single relaxation time is given as (30, 50):

	 [3]Q (t ) = Q0

[

1 − exp

(

−
t

�(T )

)]

For a continuous heating process, it gives

	 [4]

Q (t )=Q0

[

1−exp

(

−∫
t

ts

dt

�(T )

)]

=Q0

[

1−exp

(

−∫
T

Ts

dT

Rh�(T )

)]

,
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Fig. 1. Thermal protocols of sample. (A) The temperature–time protocols with cooling rate of 10,000 K/s and heating rate of 1,000 K/s. The melt is held isothermally 
at 673 K (29 K higher than Tl= 644 K) for 5 s before quenching to guarantee the melts reach equilibrium state. (B) DSC traces of the as-cooled sample and the 
sample annealed at Ta = 303 K for ta = 5 s. The inset shows the relaxation peak obtained by subtracting the two DSC traces. The glass transition temperature (Tg) 
and crystallization temperature (Tx) are marked by arrows. (C) Schematic of enthalpy changes at temperatures Ta1, Ta2, Ta3. The blue arrows illustrate structural 
relaxation during isothermal annealing and the red arrows illustrate structural recovery process during reheating.D

ow
nl

oa
de

d 
fr

om
 h

ttp
s:

//w
w

w
.p

na
s.

or
g 

by
 N

IN
G

B
O

 I
N

ST
IT

U
T

E
 O

F 
M

A
T

E
R

IA
L

S 
on

 M
ay

 2
9,

 2
02

3 
fr

om
 I

P 
ad

dr
es

s 
21

0.
72

.1
9.

24
8.

http://www.pnas.org/lookup/doi/10.1073/pnas.2302776120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2302776120#supplementary-materials


PNAS  2023  Vol. 120  No. 20  e2302776120� https://doi.org/10.1073/pnas.2302776120   3 of 6

where Q0 is a constant, τ(T) is the temperature-dependent char-
acteristic relaxation time, ts is the start time and Ts is the start 
temperature, Rh is heating rate. The T-dependent relaxation time 
in both Arrhenius form τ = τ0exp(E*/RT) and in Vogel–Fulcher–
Tammann (VFT) form τ = τ0exp[DT0/(T-T0)] (51) are calculated, 
where E* is the activation energy, R is the gas constant, τ0 repre-
sents the time scale in glass, D is the strength parameter and T0 
defines the low temperature limit (see details in SI Appendix, 
Supplementary Materials).

The activation energy derived from Debye fitting E ∗
Debye

 is given 
in Fig. 3B. When Ta is above 370 K, E ∗

Debye
 is about 350 to 420 kJ/

mol, which is close to the classical α relaxation barrier E ∗
�
 = mRT-

gln10 = 340 to 400 kJ/mol with the fragility of glass-forming liquid 
is m = 45 to 52 (52–54). When Ta is below 370 K, E ∗

Debye
 decreases 

sharply to below 150 kJ/mol and reaches 44 kJ/mol at 273 K. The 
classical β relaxation barriwer is E ∗

�
 = (26 ± 4)RTg = 73 to 100 kJ/

mol (41, 55, 56) and the γ/β′ relaxation barrier is usually between 
20 to 60 kJ/mol (14, 57, 58). This suggests that the β and γ/β′ 
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Fig. 2. Spectrum of relaxation peaks. (A) Heat flow peaks for the samples being annealed at Ta = 273 to 393 K for ta = 5 s with a temperature interval of 5 K. 
(B) Heat flow peaks for the samples being annealed at Ta = 253 K for ta = 20, 50, 100, 200, 500, 1,000, 2,000, 5,000 s; at 303 K for ta = 20, 50, 100, 200, 500, 1,000, 
2,000, 5,000, 10,000 s; at 318 K for ta = 2,000, 5,000, 10,000 s; and at 363 K for ta = 100, 200, 500, 1,000, 2,000, 5,000 s, respectively. Along with the increase of 
annealing time, the relaxation peak shifts to higher temperatures. (C) Temperature-dependent loss modulus at f = 2 Hz and Rh = 0.05 K/s. The dashed curve with 
shaded regions represents the HN fittings for α relaxation (with E* = 340 kJ/mol) and β relaxation (with E* = 86 kJ/mol), while the dashed white curves represent 
the Debye fittings.

A B

DC

Fig. 3. Relaxation peaks measured by high-precision nanocalorimetry and Debye analysis of the relaxation peaks. (A) Representative heat flow data (solid 
symbols) at Ta = 273 to 393 K for ta = 5 s fitted using the Debye model (solid curves). (B) Annealing-temperature (Ta)-dependent activation energy derived from 
the Debye fitting, E*Debye. The open symbols are determined by Vogel–Fulcher–Tammann (VFT) equation and the solid symbols are determined by Arrhenius 
equation. The shaded areas denote the classical activation energies for γ/β′, β, α relaxations, respectively. (C) Representative heat flow data (solid symbols) at 
four representative temperatures fitted using the Debye model (solid curves). The squares: Ta = 253 K for ta = 50, 1,000, 5,000 s. The circles: Ta = 303 K for ta = 100, 
500, 10,000 s. The hexagons: Ta = 318 K for ta = 10,000 s. The diamonds: Ta = 363 K for ta = 200, 5,000 s. (D) E∗

Debye

 versus annealing time for samples annealed at 
three representative temperatures.D

ow
nl

oa
de

d 
fr

om
 h

ttp
s:

//w
w

w
.p

na
s.

or
g 

by
 N

IN
G

B
O

 I
N

ST
IT

U
T

E
 O

F 
M

A
T

E
R

IA
L

S 
on

 M
ay

 2
9,

 2
02

3 
fr

om
 I

P 
ad

dr
es

s 
21

0.
72

.1
9.

24
8.

http://www.pnas.org/lookup/doi/10.1073/pnas.2302776120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2302776120#supplementary-materials


4 of 6   https://doi.org/10.1073/pnas.2302776120� pnas.org

relaxation events are detected. We can see that the E ∗
�
 determined 

from VFT equation is slightly larger than that from the Arrhenius 
equation, while the E ∗

�
 are almost the same from the two 

equations.
On the other hand, for a given temperature, the relaxation 

peaks shift to high temperature with the increases of annealing 
time, as shown in Fig. 3C. Representative annealing conditions 
are given, e.g., ta = 50, 1,000, 5,000 s at Ta = 253 K; ta = 100, 500, 
10,000 s at Ta = 303 K, ta = 10,000 s at Ta = 318 K and ta = 200, 
5,000 s at Ta = 363 K. We find that the relaxation peak at a given 
temperature shows the exponential behavior, which can be fitted 
well by the Eq. 4. As shown in Fig. 3D, at Ta = 253 K, E ∗

Debye
 is 

almost equal to 40 kJ/mol in the initial annealing stage and then 
progressively increases to 80 kJ/mol. At Ta = 318 K, E ∗

Debye
 is also 

equal to 40 kJ/mol in the initial annealing stage, then progressively 
increases to 80 kJ/mol and increases sharply after 1,000 s. At Ta = 
393 K, E ∗

Debye
 is equal to the β relaxation in the initial annealing 

stage, then progressively increases to α relaxation and keep con-
stant. The activation energy keeps increasing in the stages of γ/β′ 
relaxation and β relaxation but becomes saturated at α relaxation 
when the annealing time is long enough. The γ/β′ relaxation and 
β relaxation are related to the local atomic motions that strongly 
depend on the concentration of free volume. When the annealing 
time increases, the free volume becomes less and less. This makes 
the atomic motions becomes slower and the activation energy 
increases continuously. When the free volume becomes small 
enough, the atoms have to relax in the way of more collective 
behavior, i.e., α relaxation. Thus, the activation energy becomes 
saturated. It is noteworthy that the saturation time of activation 
energy is much shorter than the equilibrium relaxation time. 
Given the equilibrium time is 100 s at Tg = 401 K and the fragility 
is 45, the equilibrium time at 393 K is about 790 s, which is much 
longer than the saturation time 5 s. These results suggest that the 
atomic motions have become highly collective far before reaching 
the equilibrium state.

For applications view, how to precisely modulate the exponen-
tial relaxation events is crucial in improving the physical proper-
ties. In Fig. 4, we tried to control the exponential relaxation events 
by step-to-step annealing processes. When the glass is annealed 
at one temperature (Ta = 403 K for ta = 0.5 s), only one relaxation 
peak appears (Fig. 4A). When the glass is annealed at two tem-
peratures successively, i.e., first annealed at Ta = 403 K for ta = 
0.5 s then jump to Ta = 363 K for ta = 0.1 s, another relaxation 
peak appears on the lower temperature side of the first relaxation 
peak (Fig. 4B). Similarly, when the glass is annealed at three 

temperatures successively, i.e., first annealed at Ta = 403 K for ta = 
0.5 s then jump to Ta = 363 K for ta = 0.1 s and finally being 
annealed at 253 K for ta = 500 s, a third relaxation peak appears 
on the lower temperature side of the previous relaxation peaks 
(Fig. 4C). It is note-worthy that the relaxation events stimulated 
at low temperature annealing don’t affect the relaxation events 
stimulated at high temperatures. These results suggest that the 
exponential relaxation events can be modulated individually and/
or in combination strategies. This provides a chance for precisely 
changing the glassy state and studying the relaxation-properties 
relationships.

To measure the contribution of different exponential relaxa-
tion events to enthalpy evolution during aging toward equilib-
rium state, samples were annealed at a wide range of temperatures 
from 253 K to 413 K for various annealing times. The 
three-dimensional plot of E ∗

Debye
 versus enthalpy change and 

annealing temperature is shown in Fig. 5A. For the long-time 
annealing at high temperatures, the activation energy reaches 
approximately 350 to 460 kJ/mol, which is close to the activation 
energy of α relaxation. For medium aging, the activation energy 
exhibits a plateau at approximately 80 to 120 kJ/mol, which is 
consistent with the β relaxation activation energy. Notably, for 
short-time annealing at low temperatures, E ∗

Debye
 ≈40 kJ/mol, 

which is close to the activation energy of γ/β′ relaxation (15, 57, 
58). To better illustrate the evolution of relaxations, a plot of the 
enthalpy aging in different relaxation modes was constructed, as 
shown in Fig. 5B. The enthalpy data is obtained by subtracting 
the enthalpy curve of the crystallized sample from the integrated 
DSC traces. Herein, the glass experiences three stages, i.e., γ/β′ 
relaxation, β relaxation and α relaxation, during isothermal 
annealing. The amounts of different relaxation modes in enthalpy 
space are marked by different colors in Fig. 5B. The link between 
E* and Δh = h−hcrystal describes the survival space of different 
relaxation modes.

Discussion

Hole-burning experiments provided an experimental evidence that 
the broad nonexponential relaxation peaks may be composed of 
exponential components (30–33). However, no experiments suc-
ceeded so far in measuring the complete exponential relaxation 
spectrum. This work provides the experimental cornerstone for the 
hypothesis. This work also discovers that all the relaxation modes 
at high temperatures, e.g., α relaxation, β relaxation and γ/β′ relax-
ation, can be decomposed into exponential components.
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Fig. 4. Controlling the exponential relaxation events in multiple annealing steps. (A) Heat flow peak for the glass being annealed at Ta = 403 K for ta = 0.5 s. 
(B) Heat flow peaks for the glass being annealed successively at Ta = 403 K for ta = 0.5 s then at Ta = 363 K for ta = 0.1 s. (C) Heat flow peaks for the glass being 
annealed successively at Ta = 403 K for ta = 0.5 s then Ta = 363 K for ta = 0.1 s and finally being annealed at Ta = 253 K for ta = 500 s. Insets show the relaxation peaks 
triggered from the additional annealing steps.D
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The elastic model for relaxations and glass transition suggests 
that the nonequilibrium processes are related to the elastic prop-
erties (59–61), which originate from the linear atomic interac-
tions. This denotes that the Debye exponential relaxation events 
probably follow the Boltzmann statistical distribution. We expect 
that the statistical study of these relaxation units (abbr. relaxun) 
are helpful for establishing precise description for glassy nonequi-
librium thermodynamics.

About the micromechanism of our findings, in the traditional 
view, glasses are heterogeneous in microstructures that is com-
posed of domains with different characteristic relaxation times 
according to Richert (34, 62). Our results suggest that the local 
domains will reach equilibrium accordingly depending on the 
annealing temperatures and time. The subsequent heating process 
stimulates the equilibrated micro-domains to high energy states, 
which is a linear response with exponential kinetics and is accom-
panied with a Debye relaxation peak. It is noteworthy that the 
fast rate and high precision of Flash DSC play a critical role in 
detecting the Debye relaxation peaks. Otherwise, the coupling 
effect of recovering and aging in slow heating process would yield 
a much wider relaxation peak.

Conclusions

In summary, we detect exponential relaxation peaks over a wide 
temperature range from 0.63 Tg to 1.03 Tg, by using a high-pre-
cision flash nanocalorimetry. It includes the exponential relaxation 
components ranging from γ/β′ relaxation, β relaxation to α relax-
ation. We demonstrate that the classical nonexponential relaxation 
modes can be decomposed into a spectrum of exponential relax-
ation units, which is a universal characteristic for different types 
of glasses, e.g., metallic glasses, molecular glasses, polymer glasses 
and probably oxide glasses. Furthermore, the contributions of 
various relaxation events in the enthalpy aging process are meas-
ured in the temperature–enthalpy space. These results open a door 
for developing the far-from-equilibrium thermodynamics of glassy 

materials and for precisely controlling the different relaxation 
modes and further modulating the properties of glassy systems.

Materials and Methods

The Au49Cu26.9Ag5.5Pd2.3Si16.3 (at.%) metallic glass ribbon was prepared by using 
single roller spinning method under the protection of high-purity Ar atmosphere. 
The dynamic mechanical properties were measured using a dynamic mechanical 
analyzer (DMA, TA Q800) at a heating rate of Rh = 0.05 K/s and under sinusoidal 
tensile stress. The relaxation spectrum of the sample was measured by a high-pre-
cision high-rate differential scanning calorimeter (Flash DSC 1, Mettler Toledo). 
The Flash DSC sample was cut from a melt-spun ribbon with a size of about 50 
× 50 × 20 μm and a mass of about 680 ng. During measurement, a flow of 
high-purity Ar gas (40 mL/min) was applied to protect the sample from oxidation. 
The sample was prepared by fast cooling (at a rate of 10,000 K/s) from the melt 
(held at 673 K for 5 s) and annealed isothermally at the target temperatures (Ta = 
253 to 413 K) for different time (ta = 0.1 to 20,000 s).

Data, Materials, and Software Availability. All study data are included in the 
article and/or SI Appendix.
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