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In semiconductor detectors designed for capturing dark matter particles or neutrinos, when the detection
threshold is constantly improved to increasingly low energies, an “excess” signal of apparent energy release
events below a few hundred eV is observed in several different kinds of detectors. This becomes a big obstacle
to the observation of actual dark matter signals, hindering the detectors’ sensitivity for rare events in this energy
range. Using atomistic simulations with a classical thermostat and a quantum thermal bath, we show that this kind
of signal is consistent with energy release from long-term annealing events of complex defects that can be formed
by any kind of nuclear recoil radiation events. Such energy releases are shown to have a very similar exponential
dependence on energy release magnitudes as that observed in experiments. By detailed analysis of the annealing
events, we show that crossing very low energy barriers can trigger larger energy releases in an avalanche-like
effect. This explains why large energy release events can occur even down to cryogenic temperatures, where the
significant migration of point defects in silicon is hardly ever possible.
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I. INTRODUCTION

One possible approach to detect light particle dark matter
is by looking for low-energy recoil events in materials that
cannot be attributed to conventional matter radiation events
[1–3]. Similar methods are also used in coherent neutrino nu-
cleus scattering experiments [4,5]. This strong demand from
physics research has motivated the consistent development
of new detector technologies with lower and lower detection
threshold.

When the detection threshold in semiconductor detectors
has been pushed to increasingly low energies, an “excess”
signal of apparent energy release events below a few hun-
dred eV is observed in several different kinds of detectors
[6–16], being able to mimic or cover a possible dark matter
signal. Sharing a similar energy range with possible dark
matter recoil signals, this excess will mask any potential dark
matter signal, and therefore understanding its origin and find-
ing out possible ways to mitigate or even eliminate it are
questions of utmost importance. Several different explana-
tions have been offered to this excess, for instance electronic
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noise [17], stress effects/crack relaxation [18,19], or solid
state effects [20]. However, some recent experiments disfavor
an explanation due to intrinsic effects in the crystal or external
radiation [16]. It seems somewhat convincing that there are
several components and several different causes of the excess
events.

Although there are thus many uncertainties regarding the
origin of the effect, on a general level we note that the excess
signal is observed in detectors consisting of different materi-
als, manufacturing techniques and different electronics with
a very similar exponential energy dependence ∝ exp(−αE ),
where α > 0 is a constant. This outward phenomenon sug-
gests that there may be an inherent mechanism for the
observed excess signal, because of this very obvious similarity
in the thermodynamic patterns of the energy release spectra in
distinct experiments. Hypothesizing the existence of a com-
mon origin is also consistent with the evidence pointing to a
solid-state effect [20] as the source of the signal. This inherent
mechanism should not depend on any specific choices in de-
tector materials, the specific fabrication techniques of detector
materials, or the design of the electric circuits in the detectors,
and cannot be weakened by the modifications in these very
aspects in the detectors. This character of invariance really
attracts researchers to dig deeper for the identification of the
actual source behind the scene. Even if the investigations are
still ongoing and have not reached any consensus on this,
the academic gains along this discovery path have already
been quite fruitful [6–16], having very profound influence in
dark matter detection experiments and science or engineering
technology as a whole.
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In this article, we analyze the possibility that the excess
signal could originate from local annealing of nanometer-size
range defect clusters. It is well established from both exper-
iments [21–24] and simulations [25–29] that keV recoils in
semiconductor materials such as Si produce small disordered
zones in the material. Even if the material is not irradiated
explicitly, cosmic rays or decay of radioactive impurities that
are always present at some concentration in a material and
its immediate surrounding environment will produce similar
damage pockets. Even if the initial kinetic energy of a radioac-
tive decay event may be in the MeV range, the final damage
will be produced by ∼keV recoils, since collision cascades at
much higher energies split up into subcascades [26,30,31].

The nanometric damage regimes produced in such events
are higher in potential energy than the pristine crystal struc-
ture, because of the existence of overcoordination of atoms,
undercoordination of atoms and all kinds of deviations from
the tetrahedral structures in the disordered damaged region.
Hence, these damages are expected to thermally anneal
towards the ground state at a timescale depending on tem-
perature. The annealing, which may occur stepwise, will thus
be associated with energy release events. We note that in the
traditional theory of radiation damage, the damage is assumed
to be distributed in well-defined isolated interstitials and va-
cancies, which have a well-defined formation energy and
hence if they meet and recombine, the energy release would be
always well defined. However, numerous studies show that the
damage in covalently bonded semiconductors is much more
complex [25,26,32] and hence there may be a wide range of
different energy release values. For this reason, we tend to
avoid using the word “recombination” to describe the energy
release events. While there have been previous works ana-
lyzing the annealing of radiation-induced disordered regions
[25,27,33–36], these have not systematically analyzed the
energy magnitude distribution of the potential energy release
events in annealing. Also, very, very few of them, if any,
looked into what happened at cryogenic temperatures, as this
is not a relevant temperature regime in industrial applications
like semiconductor chip manufacturing. In this article, we
analyze this energy release magnitudes systematically, and
show that it leads to energy release events with an exponential
energy dependence, very similar to that found in experiments.

II. METHODS

To examine the production of disordered damage zones
and their possible energy release on extended time in anneal-
ing, we used a five-stage simulation and analysis procedure:
(i) simulation of typical radiation damage creation, (ii) simu-
lation of thermal annealing of this damage on long time scales,
(iii) quenching of configurations to 0 K to obtain potential
energy release without effects from kinetic energy fluctuation,
(iv) obtaining the energy release in annealing events from
the time dependence of the potential energy in stage (iii),
and (v) analysis of the time scale of annealing. These results
are presented in Sec. III. Since at cryogenic temperatures
quantum mechanical zero-point vibrations can affect atom
dynamics, we also employed the quantum thermal bath (QTB)
[37,38] to assess how quantum effects affect the annealing.
The basic ideas of utilizing QTB are introduced in Sec. II B,

and the results of these simulations are included along with
the fully classical ones in the following discussions. Finally,
to understand why annealing is observed even at cryogenic
temperatures, we also analyzed what kind of atomic move-
ments in individual annealing events (energy release events)
actually lead to the energy release (Secs. IV and V).

A. Simulation and analysis stages

In all simulation stages (i)–(v), we used classical molecular
dynamics [39]. As for classical molecular dynamics simula-
tions, several of them were carried out with the code PARCAS

[40]. This code has been extensively used to examine radiation
effects in a wide range of materials, and the results have been
shown to agree well with experiments in many different mea-
surable quantities [26,41–45]. In comparison to other popular
molecular dynamics simulators (for example, LAMMPS),
PARCAS has a unique advantage of possessing quite a number
of choices for accurate repulsive interatomic potentials, which
are important when doing careful research on irradiation dam-
age creation by irradiation cascades. Besides the classical
simulations conducted by PARCAS, a number of other classical
cases were modeled with the widely used LAMMPS molecular
dynamics code [46] and gave the same behavior as the PARCAS

results. The simulations with the quantum thermal bath (QTB)
were all done with the LAMMPS codes, since PARCAS does
not include this QTB feature. Details on the specific quantum
aspects of the modeling are given in Sec. II B. The analysis of
annealing mechanisms in Sec. IV were done with the LAMMPS

code since this code has a built-in climbing image nudged
elastic band (CI-NEB) [47] feature that could be used in
analyzing the energy barriers, which is an essential part in the
evaluation of kinetics of annealing events.

The interatomic interactions between silicon atoms were
described with the Stillinger-Weber potential (SW potential)
[48], that had been found to describe well a wide range of
properties in Si when compared to experiments [49,50], DFT
calculations [29] and results from modern machine-learned
potentials [50]. We also tested the Tersoff III potential [51],
which gave very similar results regarding the energy release
behavior. The Tersoff III potential was used as a supplement in
our research because of a few reasons. First, the development
of this and the SW potential potential were two completely
independent processes, so Tersoff results can serve as a com-
parison with SW results. Second, Tersoff III potential has been
used quite intensively in irradiation cascade simulations for
silicon [26]. Moreover, in the PARCAS code, this potential has
been augmented by a DMol repulsive potential [52,53] using
the Fermi function joining formalism [54].

In the cascade runs done by PARCAS code, the Stillinger-
Weber potential was also augmented by the DMol repulsive
potential [52,53]. The cascade runs carried out with the
LAMMPS code did not use the repulsive potential, since the
code does not support adding a repulsive part to the Stillinger-
Weber potential. However, we ran some of the LAMMPS

annealing runs based on the PARCAS cascade results, using the
output geometries from PARCAS cascade simulations as the
input for annealing simulations conducted by LAMMPS. The
results on the energy release behavior were in nature identical
with pure LAMMPS runs within the statistical error bars. In the
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following sections of the paper, unless otherwise mentioned,
the results shown are obtained with the Stillinger-Weber po-
tential, and it is our main tool in this investigation.

In stage (i), we simulated the production of damage by
recoil events in Si by simulating 5 keV cascades induced by
self-recoils in bulk silicon. The energy of 5 keV is above the
energy at which cascades break into subcascade in Si, i.e., the
specific damage pockets produced by higher energy recoils are
similar to those produced by 5 keV recoils [26,55]. The cas-
cades were modeled following standard approaches [26,56].
Briefly, the cascades were initiated in random directions in
three dimensions (polar angle θ and azimuthal angle φ) with
equal weighting of different directions in terms of the solid
angle and the development of the cascade was simulated until
the system was cooled down back to the ambient temperature,
namely, 0 K in the cascade phase. No temperature or pressure
scaling was used in the collisional regions, and heat was
removed at the system boundaries, using a Berendsen thermo-
stat applied to a layer of atoms on the boundaries. Importantly,
to properly describe high-energy interactions, we merged the
DFT-based “DMol” potential at short interatomic separations
[52,53] using the Fermi function smooth joining formalism
[57]. For different temperature levels in annealing (described
in the following sections), the number of recoil cases consid-
ered ranged between 10 and 1000, with the highest statistics
being used for the lowest-temperature simulations. In these
runs of lower temperatures, the annealing events were rarer, so
a higher statistics was needed. The number of cases simulated
is reflected in the statistical error bars.

In the current work, the emphasis is the energy release from
damage annealing processes, and the damage production pro-
cess itself is not our focus. Therefore, we did not include the
electronic stopping power [58] in the simulations. The simula-
tion cell was a cube of silicon atoms with 16 unit cells in each
dimension (i.e., a total of 16 × 16 × 16 × 8 = 32768 atoms)
and periodic boundaries were used in all dimensions. This
cell size was slightly smaller than what had been normally
used in cascade simulations [26], because of the necessity
to be able to simulate annealing over long time scales at a
reasonable computational cost. Although the simulation cell
is smaller than the ones used usually in cascade simulations,
it is very unlikely for the cascade damage region to touch itself
via the periodic boundaries, since in Si the cascade region is
broken into many subcascade regions when the recoil energy
is 5 keV, and the recoil energy can be distributed in the newly
formed subcascades. To avoid the occurrence of thermally
induced defect annealing in cascade simulations, or at least to
a great extent alleviate them, we set the ambient temperature
of the system to zero by using a Berendsen thermostat on
boundary regions to remove heat from the boundaries. The
target temperature of this boundary thermostat was 0 K and
the temperature damping parameter was τT = 0.1 ps.

In stage (ii), the damage produced in 5 keV cascades
was annealed in thermal equilibrium runs over long time
scales. Annealing simulations were separated into two big
groups. One group utilized PARCAS as the simulation platform,
and consequently, this group of annealing simulations only
used Berendsen thermostat, since PARCAS only had Berendsen
method as the thermostat. All PARCAS annealing simulations
in this group lasted for 3 ns. The other group used LAMMPS

TABLE I. The number of recoil cases used in cascade annealing
simulations at different temperatures and thermostats. QTB stands
for the quantum thermal bath, and Berendsen stands for the classical
Berendsen thermostat. SW stand for Stillinger-Weber interatomic
potential, and Tersoff stands for Tersoff III interatomic potential.

Temperature (K) Thermostat Number of cases Potential

0.05 QTB 800 SW
10 QTB 600 SW
25 QTB 600 SW
50 QTB 400 SW
100 QTB 200 SW
100 Berendsen 200 SW
125 Berendsen 200 SW
150 QTB 200 SW
150 Berendsen 200 SW
200 QTB 200 SW
200 Berendsen 200 SW
300 QTB 200 SW
300 Berendsen 200 SW
300 Berendsen 40 Tersoff

as the simulation platform. In this group of annealing simu-
lations, some runs were conducted via Berendsen thermostat,
while others were carried out using the quantum thermal bath
(QTB thermostat). When using LAMMPS, no matter which
thermostat we used, QTB or Berendsen, the annealing runs
were conducted for 10 ns. The annealing runs were done for
temperatures in the range 0.05–800 K. No matter which sim-
ulator we used, PARCAS or LAMMPS, in these annealing runs,
the thermostat is always applied to all atoms in the system.

In the annealing runs, a thermostat was applied to all the
atoms. When Berendsen temperature control was used, the
temperature damping parameter was τT = 300 fs. When using
the QTB thermostat, the temperature damping parameter was
the same. Besides the thermostat, a Berendsen barostat was
also applied to the system for pressure control, regardless of
the type of the thermostat. The pressure damping parameter
of the barostat was τP = 3000 fs.

The number of annealing runs performed varied, from 7 for
the 500 K case to 60 for the 200 K case in the classical simula-
tions, and several hundreds for the quantum thermal bath ones.
The highest statistics was used for the lowest temperature
cases, since at these temperatures the annealing events were
rarer, requiring a higher number of statistics. Another reason
for this variation was that the higher temperatures were not of
particular interest, and hence a smaller statistics was sufficient
for them. The statistics settings in the classical simulations
and the quantum thermal bath simulations, namely, the num-
ber of cases at each temperature level and each thermostat
choice, were reflected in the error bars. The number of recoil
cases at each temperature level, interatomic potential, and
choice of thermostat, is given in Table I.

To enable the analysis in the very next simulation stage
on damage annealing events that could occur quite rapidly,
the atom coordinates of all atoms were output every 2 ps
throughout the entire simulation.

In stage (iii), the atom coordinates output from the anneal-
ing simulations were extracted every 2 ps, each one separately,
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as input coordinates for quenching. The quenching simula-
tions were performed efficiently using Berendsen temperature
control [59] towards 0 K while zeroing the velocity of any
atom i on which the force vector �Fi was in opposite direction
to the velocity vector �vi, i.e., if �Fi · �vi < 0. This quenching
method is called “quickmin” or “damped dynamics method”
in the manual of LAMMPS [60]. Using this efficient approach,
a quenching time of 1 ps was enough to get the system
temperature down below 0.01 K. The quenching was done
every time when the atom coordinates were output in the 3-ns
annealing runs with Berendsen thermostat, and in the 10-ns
annealing runs with QTB thermostats, that is to say, every
2 ps throughout the simulations. The final potential energy
yielded by this energy minimization process was recorded
after quenching.

In stage (iv), the potential energy vs. time in stage (iii) was
analyzed with respect to energy release. After being quenched
to 0 K, the energy release events were found to be clearly
distinct from random thermal fluctuations in potential energy,
that were <0.5 eV. Moreover, when comparing the energy re-
lease with the time dependence of the number of Wigner-Seitz
defects in the system, one can find out that such energy release
could be related to changes in atomic structure. To get the
total energy release from one annealing event, when energy
release >0.5 eV occurred on subsequent 2-ps time intervals,
the energy release values were summed up as the total release
in the same event. Subsequently, a statistics of the magnitude
of energy release was made. This can be compared with the
experimental observations of energy release, which is the low
energy excess signal.

In stage (v), the annealing time scale was analyzed by
fitting a stochastic time scale law to the data on the time
dependence of annealing obtained from molecular dynam-
ics. To do this fitting, the potential energy curves of all the
simulations at each temperature level, from each particular
choice of thermostat, Berendsen or QTB, were summed up
and averaged, yielding an “average” potential energy curve
at this temperature level. Then, the part of the average curve
from 1 ns to the end of the annealing simulations (3 ns for
PARCAS simulations and 10 ns for LAMMPS simulations) was
selected, and this latter, relatively long-term part, was fit by
an exponential function. The data between 0 ns and 1 ns was
not used in the time constant fitting, since the most unstable
defects are likely to be annealed first, causing an unrealistic
amount of energy release. This allowed us to quantitatively
show that annealing of amorphous pockets can occur on long
time scales, even at extremely low temperatures relevant for
superconducting transition detectors.

For defect analysis, the number of defects in the simulation
cells was quantified with the Wigner-Seitz (WS) method [26],
a geometric method completely independent of the potential
energy analysis. This measure is used to quantify the number
of defects because its definition has no adjustable parameters,
and it gives defect numbers roughly consistent with the sim-
ple Kinchin-Pease damage prediction in Si [26,56]. However,
considering the complex nature of the damage pockets in
Fig. 1, it is clear that in Si, “the number of WS defects” does
not correspond to any geometrically simple point defect type
such as an isolated vacancy or interstitial. Hence, we use the
term “the number of WS defect pairs” as the notation of this

FIG. 1. Cross-sectional view of the time evolution of damage
formation in a 5 keV cascade in Si, as modeled with the Stillinger-
Weber potential and a classical thermostat. In these simulations, one
atom in the cell was given a recoil energy of 5 keV towards the center
of the cell, leading to a collision cascade producing damage. For
clarity, only atoms in a 2-unit-cell-thick cross section in the center
of the cell are shown. Atoms are of course colliding and damage is
produced also in other atom layers than those shown. The top part
shows the time evolution of the cascade at the specific times 0, 0.1,
0.4, and 1 ps, and the larger frame at the bottom the final damage
state at 10 ps. This cascade was ran at 0 K ambient temperature to
ensure there is no thermal annealing. The precise size of the plotted
simulation cell region is 81.2 Å in the x (horizontal), 71.3 Å in the
y (vertical), and 10.86 Å in the z (out of plane) direction. The colors
indicate the potential energy Epot of the atoms relative to the ground
state energy Epot,0, as indicated in the legend on the top right.

defect measure. Also, when analyzing the microscopic mech-
anisms of energy release events, the DXA analysis in Ovito
[61,62] was also used to examine the size evolution of the
amorphous pockets in silicon, This approach is a quantitative
and useful approach for the investigation of the crystalliza-
tion of amorphous pockets under thermal activation. To use
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DXA analysis on damaged silicon systems in this project, we
utilized the Python package of Ovito, and made programs to
calculate the number of atoms in the amorphous phase in the
annealing processes. Besides being as handy as WS defect
analysis, there is another reason why we used DXA despite
the existence of WS defect analysis in our research. In Ovito,
DXA analysis can generate a “defect mesh” to visually mark
the boundaries of amorphous pockets in silicon, being very
useful when finding out the precise locations of energy release
events (in Sec. V).

B. Quantum thermal bath simulations

To assess how significant quantum mechanical zero point
vibrations [63] were on the annealing time scale and mech-
anisms, we employed the quantum thermal bath (QTB)
approach [37,38] as implemented in LAMMPS. This QTB ther-
mostat is a Langevin-style thermostat with a specially tuned
random force term that agrees with the energy spectrum of
quantized vibrations in crystals. This thermostat does not
incur very heavy extra computational cost compared with
standard molecular dynamics, only roughly doubling the com-
putation time of molecular dynamics simulations, which is a
great advantage compared with other methods, for instance,
path integral molecular dynamics [64].

When using QTB, the equation of motion is a Langevin
style formula, where f (x) is interatomic force, γ is the damp-
ing constant, t is time and � is the random force term,

mẍ = f (x) +
√

2mγ�(t ) − mγ ẋ. (1)

The power spectral density of the random force term � is

�(ω) = h̄ω

[
1

2
+ 1

exp
(

h̄ω
kBT

) − 1

]
, (2)

where ω is the vibration frequency, h̄ is reduced Planck con-
stant, kB is Boltzmann constant, and T is the temperature of
the system.

In the implementation we use [38], the quantum thermal
bath has five input parameters, namely, target quantum tem-
perature, temperature damping parameter, a random seed,
upper cutoff frequency, and the number of frequency bins.
To make the results comparable with the results from clas-
sical molecular dynamics simulations, we set the temperature
damping to be 0.3 ps (300 fs), the same one used in the purely
classical simulations. The upper cutoff frequency was set to
be three times the Debye frequency of silicon, because of the
fact that SW potential overestimated the Debye frequency of
silicon [65]. The number of frequency bins was 100 in all QTB
simulations. When using the thermostat, a Berendsen barostat
with the settings in Sec. II A was also applied to the system.

To check whether these settings enable the compensation
of low-temperature quantum effect, the heat capacity of pure
silicon crystal was calculated by differentiating the mean total
energy with respect to temperature (an approach suggested by
Dammak et al. [37]), and the results was compared with an
experiment [66]. The calculation results from two different
thermostats, QTB thermostat and Berendsen thermostat, are
compared with each other.

FIG. 2. Heat capacity of silicon crystal, calculated with the quan-
tum thermal bath (QTB) and the classical Berendsen thermostat.
Since the Berendsen thermostat and molecular dynamics describes
only classical atom motion, its heat capacity prediction corresponds
to the value given by the equipartition theorem, which does not have
a temperature dependence [67]. The results are compared against
experimental values (red plus signs).

The heat capacity curves shown in Fig. 2 demonstrate that
the QTB thermostat can reproduce the temperature depen-
dence of heat capacity at low temperatures. However, with
Berendsen thermostat, the calculated heat capacity curve is
a completely horizontal line, having a value very close to
the heat capacity value given by the Dulong-Petit law (3R =
24.943 J/(mol K)). This comparison shows that classical ther-
mostats like Berendsen fail in heat capacity calculation, and
quantum thermal bath is able to reproduce the temperature
dependence of heat capacity, being a quantum effect.

With the help of the quantum thermal bath, the anneal-
ing behavior of the system at very low temperatures can be
investigated directly in molecular dynamics simulations. The
five-stage simulation and analysis procedure in Sec. II A was
followed, and quantum thermal bath was used in stage (ii) for
the annealing simulations.

III. RESULTS AND DISCUSSIONS

A. Stage (i): Damage production in cascade simulations

An example of a cascade event and the damage produced
is shown in a cross-sectional plot in Fig. 1. The cross sec-
tion shows a very typical damage production event, analyzed
in detail in many previous works [26,56,68]. As noted above,
5 keV is above the subcascade threshold breakdown, so the
damage is split into separate damage production regions. 1000
different 5 keV cascades were simulated, and the final atom
coordinates from these were used as inputs for annealing runs,
quenching and energy release analysis.

B. Stage (ii): Annealing simulations

For the classical molecular dynamics simulations, anneal-
ing simulations were performed at several temperatures in
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the range 20–800 K for some of the cells, and at 200 K for
all the cells. For the Tersoff potential, annealing was done
at 300 K for all the cells. Since the Tersoff potential has a
higher melting point than the Stillinger-Weber potential and
the experimental one, 300 K corresponds to roughly the same
homologous temperature as 200 K for the Stillinger-Weber
potential. For simulations with QTB thermostat, the annealing
simulations of 10 ns were conducted at 0.05 K, 10 K, 25 K,
50 K, 100 K, 150 K, 200 K, and 300 K. At each temperature,
at least 200 annealing simulations with different initial dam-
age were carried out, that is to say, using different final states
from different cascade simulations as input structures. Again,
the number of annealing cases at each temperature is shown
in Table I.

Results for the number of defects in the cell as a function of
time are shown in Fig. 3(a) for a test 600 K annealing run via
classical molecular dynamics. The potential energy has huge
fluctuations because a thermodynamic system with a small
number of atoms N has natural fluctuations of the kinetic
energy around the average of the order of

√
N/N [67]. Since

the total energy remains the same on short time scales, the
fluctuations in kinetic energy are also reflected in the potential
energy. The fluctuations make it very difficult to obtain a
quantitative analysis of the potential energy release in a single
annealing event. This was the reason why we must use the
quenching scheme to get rid of thermal fluctuations.

C. Stage (iii): Quenching runs

Results of the potential energy and number of WS defect
pairs after the quenching scheme (see Sec. II) are shown in
Fig. 3(b), for the exact same annealing run as shown in Fig.
3(a). This graph shows in a much clearer way that after the
first about 10 ps, the annealing proceeds stepwise, with clear
energy release events occurring every now and then, separated
by (on the atomic scale) long times when essentially nothing
else than thermal vibrations of atoms around their stable or
metastable local equilibrium positions happens in the system.
This phenomenon agrees very well with the observations by
Caturla et al. [25].

Figure 4 demonstrates the potential energy curves and
the number of Wigner-Seitz defect pairs together. From this
figure, one can easily see that the energy release corre-
lates very well in time with decreases of the number of
Wigner-Seitz defects, confirming that the potential energy
release is indeed associated with partial annealing of damage
in the amorphous pockets, especially the annealing on the
amorphous-crystalline interface, where atoms from the amor-
phous side can rearrange themselves to become crystalline
and consequently release energy.

We note that energy release events may occur either in-
side the amorphous pockets or at the interface between the
crystalline and amorphous phase. There are several reports
showing that fully amorphous materials can also undergo
relaxation, for example, through the correlated atom motion
[69–72]. Such relaxations would not, however, on average
reduce the number of Wigner-Seitz defect pairs, because the
atomic structure there is still amorphous after the occurrence
of energy release events. In our simulations, the energy re-
duction steps in potential energy correlate almost always in

FIG. 3. (a) Annealing of damage produced in a single 5 keV
cascade in Si at 600 K. The data shows that both the average potential
energy and the number of Wigner-Seitz defect pairs decreases with
time. (b) Same as (a) but analyzed after each time step was quenched
to 0 K. The inset shows the atomic positions in one disordered pocket
before and after the annealing event occurring at t = 1.236 ns. (c)
Potential energy release per 2 ps intervals from the same cascade.
The inset shows that annealing at well-separated times keep occur-
ring also at longer times and even at the cryogenic temperature of
100 K.

113603-6



SPONTANEOUS DAMAGE ANNEALING REACTIONS AS A … PHYSICAL REVIEW MATERIALS 9, 113603 (2025)

FIG. 4. Annealing of damage produced in a single 5 keV cascade
in Si at different temperatures. The data shows that both the average
potential energy and number of Wigner-Seitz defect pairs decreases
with time at all the considered temperatures.

time with a reduction in the number of Wigner-Seitz defect
pairs [Figs. 3(b) and 4]. This indicates that the majority of
the large energy release events occur at the interface, which is
also observed when the a few selected annealing cases were
analyzed in detail (cf. Sec. V).

From the potential energy release, one can also obtain the
magnitude of the energy released in each annealing event
by comparing the total potential energies of the system be-
fore and after each 2 ps annealing interval. This is shown
in Fig. 3(c) for the same annealing run as in Figs. 3(a) and
3(b). The graph shows that the energy release varies from an
annealing event to another.

We ran similar annealing runs for a few cascades in the
temperature range 20–800 K. Results for exemplary cases in
Fig. 4 show that, as expected, at the highest temperatures,
very efficient annealing of the damage is observed. This ob-
servation in general agrees with the simulation [25] and the
experimental [73–76] reports showing that it is very difficult
to have silicon amorphized by irradiation at temperatures
above about 650 K.

However, we also observe that even at the much lower
temperatures, down to 100 K, damage annealing is observed
throughout the 3-ns simulations, even in the cases with the
classical Berendsen thermostat. Also in some test anneal-
ing cases for 30 nanoseconds conducted by the Berendsen

thermostat, annealing events kept occurring throughout the
entire simulation time: An example of annealing occurring
around 15 ns after the cascade event at 100 K is seen in the
inset of Fig. 3(c). Occasional annealing events are observed in
the 50 K and 20 K simulations even in the classical simula-
tions with no quantum thermal vibrations. An explanation to
this surprising observation is given in Sec. IV. These results
are well in line with the previous work by Béland, Mousseau,
and coworkers who showed with a hybrid molecular dynam-
ics/barrier search approach (“k-ART”) that annealing events
can even occur on macroscopic, up to 1 s, time scales [34–36].
In the future, we are also going to work on the extension of
time scales in our simulation work on defects in dark matter
detector materials.

D. Stage (iv): Statistics of energy release

To enable a comparison with the experimental observations
of the energy dependence of the low energy excess, we made
a statistics of the annealing data similar to that shown in Fig. 4
but summing up all events over at least 50 independent cases
(separate cascades as inputs) to obtain a statistically better
picture of the annealing.

For classical molecular dynamics simulations, the results
for the temperatures 100–500 K are shown in Fig. 5(a). Also
included in this plot are results obtained with the Tersoff inter-
atomic potential at 300 K. The results show that, remarkably,
the energy release statistics is independent of temperature in
the range 100–500 K within the statistical uncertainty. More-
over, the Tersoff interatomic potential gives results practically
identical to those of the Stillinger-Weber potential. Since Ter-
soff and Stillinger-Weber potential are developed completely
independent of each other, having different functional forms,
and being fitted to different properties [48,51], this gives high
confidence that the obtained results are not an interatomic
potential artifact.

For simulations with QTB thermostat, the results at various
temperatures are shown in Fig. 5(b). It is very clear that the
energy release statistics are independent of temperature, since
the magnitudes of the slopes are hardly related to the changes
in temperature.

In both Figs. 5(a) and 5(b), the data are clearly close
to linear on the log-lin plot, showing that the energy re-
lease statistics follows an exponential dependence with energy
release magnitudes, in agreement with the experimental obser-
vations [6–14]. As expected from the linear dependence of the
plots, the data can be fit very well with the functional form

f (E ) = A exp(−αE ) (3)

where E is the energy release and A and α are fitting constants.
The fits were done with the Levenberg-Marquardt approach
for least square fitting of arbitrary functional forms [77,78].
The same functional form has been used earlier to fit the low-
energy tail of the experimentally observed energy releases
[17,79]. Results for the fits of the slope coefficient α are given
in Table II. Considering the statistical uncertainties, one can
conclude that the slope of the energy release depends either
very weakly or not at all on temperature.

Since the slope coefficient α is barely related to tempera-
ture, we can make an attempt to gather together all the energy
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(a)

(b)

FIG. 5. Statistics of the magnitude of the energy release events
during annealing runs at different temperatures. To enable easy
comparison of the slopes, the curves at different temperatures have
been scaled to having a value of 1 at 1 eV. (a) Classical molecular
dynamics and (b) molecular dynamics with the quantum thermal
bath.

release events at all the temperature levels (0.05 K, 10 K, 25 K,
50 K, 100 K, 150 K, 200 K, and 300 K) in simulations with
QTB thermostat, and plot a combined histogram of the energy
release statistics of all the annealing events. This combined
histogram is Fig. 6. In this figure, 100 histogram bins are used,
and the energy release spectrum can be fitted by exponential
functions. However, it is worth noticing that we can obtain
two slope coefficients by choosing the energy release range
for fitting. The first slope α1 is calculated by fitting the entire
histogram, while the second slope α2 is obtained by only
fitting the energy range larger than 4.0 eV. We can clearly
see that α2 is significantly smaller than α1. Compared with
α1, we attach much more importance to α2, which in terms
of energy is closer to experimental energy release spectra and
can consequently be compared against experimental results.

The simulated and experimental data from a silicon detec-
tor are compared to each other in Fig. 7. The y-axis scale is

TABLE II. Slope coefficients α of the exponential dependence
exp(−αE ) of the energy release E from simulations and experiments
on Si. The simulation results obtained with the classical Berendsen
thermostat are marked “Berendsen”. and the ones with the quantum
thermal bath “QTB”.

T (K) Type α (1/eV)

Simulation 500 Berendsen 0.49 ± 0.03
(current work) 400 Berendsen 0.49 ± 0.03

300 Berendsen 0.53 ± 0.03
300 QTB 0.52 ± 0.01
200 Berendsen 0.52 ± 0.02
200 QTB 0.51 ± 0.02
100 Berendsen 0.60 ± 0.05
100 QTB 0.58 ± 0.07
50 QTB 0.52 ± 0.06
25 QTB 0.49 ± 0.04
10 QTB 0.50 ± 0.06

0.05 QTB 0.58 ± 0.05
Experiment 0.04 0.57 ± 0.01

in arbitrary units, since in experiments the absolute values of
the signal depends on factors such as detector size, detection
efficiency, concentration of radioactive impurities creating the
initial damage, and damage recoil spectrum, all of which are
not fully well known. However, the functional dependence
of the signal on energy can be used for a direct comparison
between simulation and experiments.

The Fig. 7 shows a very good agreement: both the sim-
ulation and low-energy tail of the experimental data clearly
follow an exponential trend with a very similar slope. The
slope obtained from a fit to the simulation data at 0.05 K (QTB
thermostat) was αsim = 0.58 ± 0.05 1/eV, which is in perfect
agreement with a fit of the same exponential law to the low-
energy tail of the experimental data [79] αexp = 0.57 ± 0.01

FIG. 6. The histogram of all the energy release events from all
temperature levels. The energy release events from annealing simu-
lations at 0.05 K, 10 K, 25 K, 50 K, 100 K, 150 K, 200 K, and 300 K
are gathered together to obtain an improved energy release statistics.
In total, 28 222 events are collected.
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FIG. 7. Comparison of the energy dependence of energy release
events with experiments. Note that the red line is a fit of an ex-
ponential form to the simulation data only, showing that the slope
of the low-energy signal from simulations agrees excellently with
experiments. The experimental data is from Ref. [80].

1/eV (to enable direct comparison, this value was obtained by
fitting the experimental data with the same software as used
to fit the simulated ones). We emphasize that no fitting of the
simulations to the experiments has been used for obtaining
this outstanding agreement. Also, the slope coefficient in our
combined histogram (Fig. 6) is around 0.53 in the high-energy
regime, being very close to the experimental value. Based on
very similar slope values, Figs. 5, 6, and 7 together can indi-
cate that the energy release events brought about by the defect
evolution in detector materials can possibly be the source of
the low-energy excess signals in dark matter detectors.

E. Stage (v): Analysis of annealing timescales

We finally analyze the time dependence of the annealing
events such as those shown in Figs. 3 and 4. To be able to
roughly estimate the annealing time scales as a function of
temperature and extrapolate to even lower temperatures, we
analyzed the time dependence of the annealing curves.

Since the number of disordered pockets in a single event
is small, the annealing curves of single events have huge
statistical fluctuations. This is illustrated in Fig. 8. To obtain
a statistically reliable analysis, we carried out an analysis of
at least 200 different cascade events at each temperature level
in the temperature range 0.05–300 K. To be able to compare
cases with different numbers of initial defects and stored en-
ergy in them, the analysis was done for the average relative
fraction of the excessive potential energy remaining at time
t compared to the initial excessive potential energy at t = 0.
The fraction f was calculated for each cascade event sepa-
rately before averaging. The results of the averaged fraction
analysis are shown in Fig. 9(a). As expected, time evolution
of the fraction of remaining Wigner-Seitz defects showed a
similar behavior.

The averaged annealing curves show that the annealing
behavior can be divided in two stages: a rapid annealing
occurring roughly during the first 0.5 ns after the damage

FIG. 8. Annealing of damage produced on average in several
5 keV cascades in Si at 200 K plotted in terms of the fraction of
Wigner-Seitz defects compared to the initial state in seven individual
cases (shades of gray) and the average over 50 cases (red). Not all
individual cases are shown since it is difficult to read fifty shades of
gray.

event, and a subsequent much slower annealing after this.
The first stage clearly is the result of annealing of the most
metastable defects, whereas the later annealing is an average
over occasional well-separated events, corresponding to the
late energy release events shown in Fig. 3.

By comparing the individual cases shown in Fig. 8, an
additional important point is illustrated: the damage in some
events, especially those with large damage pockets, can anneal
much slower than the average energy release. On long time
scales, annealing from such cases would dominate the residual
recovery signal.

The curves in Fig. 9 were fitted against the exponential
function A exp(−t/τ ). In the fitting practice, the initial 1 ns
in the potential energy curves was truncated, and the rest of
the curves were fitted. The fitting results and the comparison
with the results from purely classical annealing are shown in
Fig. 9(b) and Table III.

We note that in previous works [35], a roughly logarith-
mic time dependence, namely, a relaxation being linear with
log(time) in annealing, was reported for damage in Fe. In the
current case, we found that at room temperature, the time
dependence was indeed logarithmic, but at the lower temper-
atures it was not, at least up to the time scale of 10 ns studied
here. We also note that because of limited numbers of anneal-
ing events at the lower temperatures, the statistics is limited
and we cannot be certain that the time dependence on even
longer times can be described with the function exp(−t/τ )
with a single time constant. However, the current fits to a
slowly decaying time dependence are sufficient to show that
the randomly timed annealing events do occur up to at least
millisecond time scales after the initial picosecond time scale
radiation event. Hence, the annealing energy release events
may appear uncorrelated to the initial radiation production
event.
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(a)

(b)

FIG. 9. (a) Average potential energy curves with the quantum
thermal bath after quenching. The values are rescaled so that the
initial value is one. In this way, the curves show the relative amount
of excessive potential energy. (b) Results of fits of the annealing
time parameter τ to data on the time dependence of potential energy
in annealing, being a function of the annealing temperature. Since
in the classical simulations practically no annealing processes are
observed below 100 K, it was not possible to provide an annealing
time constant for the lowest temperatures in classical cases.

From these results, it is very clear that the low temper-
ature quantum effect can facilitate annealing significantly.
This is because the quantum zero point energy brought by
the quantum bath may trigger the atomic rearrangements as
they only need to overcome barriers around � 0.1 eV [cf.
Figs. 10(b) and 11(b)], which are comparable to the zero-point
energy Ezp ∼ 0.06 eV, using the Debye model estimate Ezp =
9/8kB�D and Debye temperature of �D ≈ 630 K for silicon
[63,81]. At the lowest temperatures, these energy barriers are

TABLE III. Time parameter τ in the fitting A exp(−t/τ ) of the
potential energy curves. The error bar is the uncertainty estimate of
the parameter obtained from the least squares fitting procedure. The
results obtained by classical molecular dynamics with Berendsen
thermostat are marked “Berendsen” and the ones with the quantum
thermal bath “QTB”.

T (K) Type τ (ns)

300 Berendsen 66.38 ± 0.29
300 QTB 56.19 ± 0.20
200 Berendsen 140.86 ± 0.47
200 Qtb. 109.33 ± 0.41
150 Berendsen 348.8 ± 1.4
150 QTB 172.53 ± 0.46
125 Berendsen 451.5 ± 1.8
100 Berendsen 1037.8 ± 3.1
100 QTB 388.0 ± 1.3
50 QTB 769.8 ± 2.5
25 QTB 1070.9 ± 2.4
10 QTB 1234.0 ± 3.3
0.05 QTB 1326.1 ± 3.7

not accessible for the thermal vibrations in simulations with
classical thermostats, since the classical thermal energy is
kBT � 0.1 eV when T � 100 K.

The simulation at 0.05 K with QTB thermostat shows that
the annealing time parameter τ has a magnitude of microsec-
onds at the operation temperature of the detectors. The fact
that at 10 K and 0.05 K time constants are almost the same
indicates that at temperatures �10 K, the triggering of anneal-
ing effects is dominated by the quantum effect.

The exponential decay of annealing effects could be de-
tectable if the time resolution of the experiments is shorter
than the time constants τ . In contrast, if time resolution is
much longer than this, the energy release events would seem
to appear at random times with average constant rate, which
would be determined by the concentration of radioactive im-
purities that produce the initial damage.

IV. AVALANCHE MECHANISM OF LOW-TEMPERATURE
ANNEALING

The observation described in Secs. III C and III D of
annealing occuring at cryogenic temperatures may seem sur-
prising, because the temperature of 100 K corresponds to only
roughly 0.01 eV/atom, much lower than the chemical bond
energy of roughly 2 eV/bond. It is also not consistent with
the traditional picture of radiation damage annealing, which
is usually described to be caused by point defect migration
with well-defined migration barriers.

However, the result can qualitatively be understood as fol-
lows. The complex disordered damage pockets (cf. Fig. 1)
can inadvertently have metastable bonds with a much lower
energy barrier to annealing. Furthermore, once a metastable
bond recombines towards the ground-state energy, it can in-
duce a localized annealing “chain reaction”: one bond starts
annealing, then the released energy heats up the sample lo-
cally which can induce additional bond rearrangements. To
illustrate this argument with a rough calculation, even a
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FIG. 10. An example of the energy barriers in an individual annealing event. In this case the total energy release was 10.24 eV. In (c)–(f),
the color coding is the atomic displacement.

low-energy release of 2 eV of one recombining bond cor-
responds to a transient heating of the nearest ten atoms by
about 1000 K. To quantify this deduction, we now analyze in
atomic-level detail what kind of mechanisms can lead to the
energy releases of several eV’s even when the temperature is
so low that thermal activation cannot possibly lead to crossing
an energy barrier in the eV range.

To do the analysis, some of the the 2-ps intervals where
energy release events took place were picked out. Annealing

simulations were restarted at the beginning of these inter-
vals, and atomic information was recorded every 10 fs. The
atomic configuration extracted every 10 fs became the in-
put for quenching. Quenching was performed in the same
way as before (Sec. II) to find out energy minima along
the reaction path. Finally, transition state search by climbing
image nudged elastic band (CI-NEB) method was carried out
between neighboring energy minima to find out the energy
barriers.
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FIG. 11. An example of the energy barriers in an individual annealing event. In this case the total energy release was 8.92 eV. In (c)–(f),
the color coding is atomic displacement.

Figures 10 and 11 show two energy release events whose
energy release are larger than 8 eV, taking place at 0.05 K
(QTB thermostat). Figures 10(a) and 11(a) show the potential
energy and the number of atoms in the amorphous phase as
functions of time. To get these figures, all atomic configura-
tions have gone through quenching. The number of atoms in
the amorphous phase is obtained by DXA analysis in Ovito
[82]). Figures 10(b) and 11(b) show the energy barriers of
the fundamental steps in the two events, which are obtained
by climbing image nudged elastic band (CI-NEB) method.
Figures 10(c)–10(f) and Figs. 11(c)–11(f) show the motion of

atoms in these two events by color coding of atomic displace-
ment. (The zero point of atomic displacement is the atomic
configuration before the energy release event.) In each figure,
the states in (c)–(f) take place chronologically, from state 1 in
(c) to state 4 in (f). These four states correspond to the four
energy minima along the reaction path of the energy release
events.

From Figs. 10(a) and 11(a), one can see that instead of
releasing energy all at once, both of the energy release events
involve three fundamental steps and four energy minima along
the reaction paths. One can observe that the energy releases
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in the events are often accompanied by the reduction of
the number of atoms in the amorphous phase, namely, the
crystallization of amorphous pockets. From Figs. 10(b) and
11(b) we see that most, if not all the energy barriers of the
fundamental steps are lower than 0.1 eV, making it possible
for the energy releases to take place at very low temperatures.
Moreover, from Figs. 10(c)–10(f) and Figs. 11(c)–11(f), both
events involve the migration of several atoms, not just one or
two of them. This means that the evolution of defects in these
energy release events is not the migration of point defects, but
the rearrangement of many atoms. The results show that at
cryogenic temperature, all energy barriers for annealing are
very small, and most, if not all of them, are below 0.1 eV. If a
metastable configuration overcomes a small energy barrier at
first, additional atom rearrangement nearby can be triggered
due to the heat released in the first step (overcoming the
initial small barrier) in the defect evolution process, and much
more energy can be released, which can be viewed as an
“avalanche” effect, just like a terrible avalanche on a snow
mountain being triggered by tiny perturbations somewhere on
the hill. In other words, the effect is a variety of self-organized
critical phenomena, which are well known to explain, e.g.,
dynamics in sandpiles [83,84].

Since the primary radiation damage event will lead to a
multitude of complex damage configurations, there is no min-
imum temperature at which annealing can occur, since there
will be barriers of all height present. Therefore, energy release
avalanches can be triggered at any temperature. Moreover,
when compared with the results of Béland et al. and Jay et al.
[34–36] showing relaxation events up to second timescales
with the k-ART approach, one can conclude that annealing
events may occur up to fully macroscopic times.

V. ANALYSIS OF LOCATION OF ANNEALING EVENTS

To analyze where the energy is released in annealing, six
annealing cases at 0.05 K were selected, and in total 35
energy release events were collected from these six cases.
We visualized all of these events, adding color coding to the
atom displacements, to find the atoms that moved the most
in energy release events. The reference zero for atom dis-
placements is the atom positions at the beginning of the 2-ps
annealing interval where the energy release event takes place.
We also used defect meshes from DXA analysis in Ovito [82]
to mark the boundaries of amorphous pockets in silicon.

From the visualizations, we discovered that the energy re-
lease events took place in the amorphous pockets in damaged
silicon. Some of them took place at large amorphous pockets
with diameters larger than 10 Å, while others took place at
quite small amorphous zones. Some of the energy release
events took place at the boundaries of the amorphous pockets,
which is the amorphous-crystalline interface. The other en-
ergy release events took place inside the amorphous pockets.
Both of these situations can be viewed as rearrangements of
atoms in the amorphous pockets.

A few examples are shown in the following figures. In these
figures, atoms are colored by their displacements, and white
meshes (defect meshes) mark the boundaries of amorphous
pockets. Figure 12(a) shows an energy release event that takes
place at the boundary of a large amorphous pocket, where

FIG. 12. The locations of three energy release events. The white
meshes are defect meshes identified by Ovito DXA analysis, marking
the boundaries of amorphous pockets. By adding colors to the atom
displacements in the annealing, the place where atoms move a lot
(colored in red) can be easily identified, and it is the movement of
atoms in these regions that causes the energy release events. Panel
(a) is an energy release event taking place at the boundary of an
amorphous pocket. Panel (b) is an energy release event taking place
inside an amorphous pocket. Panel (c) is an energy release event
taking place at a small amorphous zone. Theta (θ ) and phi (φ)
give the initial recoil direction in each particular cascade simulation
shown here.
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the proximity of the atom movements to the pocket boundary
is clearly shown by the colors of the atoms and the white
defect mesh. Figure 12(b) shows an energy release event that
takes place inside a large amorphous pocket. This event can
be viewed as a rearrangement of atoms inside an amorphous
pocket. Figure 12(c) shows an energy release event taking
place at a small amorphous zone. This small amorphous zone
shrinks even further in this energy release event.

Based on this discovery about the location of anneal-
ing events, we can state that the disordered regions in dark
matter detector materials, for example, amorphous zones,
amorphous-crystalline interface, grain boundaries, interfaces
between two different materials, etc., can possibly be active
even at cryogenic temperatures. It is likely that defect evo-
lution can take place in these disordered regions, releasing
energy that brings disturbance to dark matter direct detection
experiments, especially those that are based on phonon de-
tection. This implies that this energy release should be taken
into account when building the next generation dark matter
detectors. Measures that can be considered to avoid the emer-
gence of atomically disordered regions include optimizing
the detector production practice, adopting new manufacturing
methods that use less materials with disordered regions, as
well as setting up insurmountable barriers between the active
detection zone (responsible for interacting with dark matter
particles) and other supporting parts of the equipment to block
the transmission of the disturbing signals.

VI. ESTIMATE OF SOURCES AND RATES
OF RADIOACTIVE DAMAGE IN DETECTORS

As we have shown, the shape of the energy spectrum of
annealing events matches well with the excess background
observed in the low threshold experiments. In this section we
discuss the magnitude of the event rate that could be associ-
ated to annealing of radiation damage in silicon detectors. We
begin with an estimate of the total power associated with the
excess rate, which we obtain by integrating the differential
rate shown in Fig. 2 of Ref. [80]. This yields an order of
magnitude estimate for the excess power per unit detector
mass,

Pexcess ≈ 105 eV

g day
. (4)

This estimate seems compatible also with the recent ob-
servations in two different sized silicon detectors in [20]. A
similar excess rate was also observed in a deep underground
measurement with a silicon detector in [16].

If the low energy excess is interpreted as arising from the
annealing events, the defect concentration must be replenished
in the crystal at approximately the same rate as it is being an-
nealed, otherwise the rate would eventually decay. Therefore,
the same power Pexcess needs to be injected and stored in the
crystal structure.

There are many known sources of trace radioactivity in
dark matter detectors. We consider here some of those that
have been observed in experiments and given upper limits
[85].

The most common decay modes of the known radioactivity
sources are α, β, and γ decay. With energies of the emitted

particles typically in the MeV range, conservation of momen-
tum implies that also the nucleus from which the recoil occurs
receives kinetic energy and may cause damage.

For the α decays, for a known emission energy Ekin,α the
momentum of the emitted particle is (since the MeV kinetic
energies are well below the rest mass of the particles �1 GeV,
classical kinematics can be used)

Ekin,α = p2
α

2mα

⇒ pα = √
Ekin,α2mα. (5)

Here, pα is the momentum and mα the mass of the α

particle. Because of momentum conservation, the momentum
that the decaying nucleus A receives pA = pα and hence

Ekin,A = p2
α

2mA
= Ekin,α

mα

mA
. (6)

We first consider the decay chain starting from 210Pb lead-
ing to a 5.3 MeV α-decay of 210Po. In this process, using
Eq. (6) one obtains Ekin,206Po = 103 keV [86]. Both the α par-
ticle and Pb recoil will in turn lose energy both to electronic
and nuclear stopping, out of which only the latter produces
significant damage in Si.

To calculate the nuclear deposited energy FDn , we used the
MDRANGE code [58,87] in a nonchanneling direction using
the NLH interatomic potentials [53] to describe the nuclear
collisions. We also checked that the SRIM code [88] gave
about the same nuclear deposited energies. The MDRANGE

code gave FDn ≈ 16 keV for the α and FDn ≈ 93 keV for the
Po recoil. Hence the total nuclear deposited energy available
for damage production is FDn ≈ 110 keV. Comparison with
Fig. 4 and the data for Si in Ref. [89] shows that about 8%
out of the recoil energy is stored in defects. Thus the stored
energy Estored ≈ 9 keV.

We now use this value to calculate the expected excess
power for the possible upper limit of 210Po activity A =
160 µBq/kg ≈ 0.014/g day [85]. For the Po decays, the pre-
dicted excess energy release would be

Pexcess,210Po = EstoredA ≈ 130
eV

g day
. (7)

In other words, the Po recoils could explain about 0.1% of the
observed excess signal.

We also considered the other parts of the decay chain of
238U. The chain before 210Pb has in total seven α decays [85],
each giving a recoil energy around 100 keV to the parent nu-
cleus. The total recoil energy of these decays is about 670 keV.
For the 232Th chain, the five α particles give in total about
490 keV to parent nucleus recoils. The 8% fraction of stored
energy EstoredU,Th from these recoils is then ∼93 keV. The
experimental activity limits for these chains are of the order of
AU,T h ≈ 0.001/(g day) [85,86], so one can roughly estimate
they could contribute

PexcessU,Th = EstoredU,ThAU,T h ∼ 90
eV

g day
, (8)

i.e., of the same order as the Po decays, but still not nearly
enough to explain the whole signal.

Because of the low mass of the emitted particles, the recoil
received from β and γ decays are small, ∼100 eV. On the
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other hand, the activities from some of the nuclei decaying
by these modes are rather high. Hence, we also calculated
roughly the excess yield expected from one of these. For 22Na,
the dominant decay mode is positron emission with a kinetic
energy of the positron ∼540 keV, followed by emission of
a 1274 keV γ . The recoil energies of these processes to the
nuclei are about 21 and 40 eV, respectively. For these low
energies, practically all the energy goes to nuclear deposited
energy, and hence the stored energy can be estimated as
(21 + 40) eV × 8%. Using the reported best-fit activity for
[86] 22Na of A22Na = 340 µBq/kg, one obtains

Pexcess22Na = Estored22NaA22Na ∼ 0.14
eV

g day
. (9)

A similar calculation for the β decays of 32Si and tritium
3H gave similarly small values.

At sea level, also cosmic muons and neutrons may pro-
duce a lot of damage in the samples; however, at the deep
underground conditions where the dark matter detectors are
operated, their direct contribution is negligible [86]. They may
indirectly contribute by producing radioactive isotopes such
as 32Si when the sample material was on the ground [90]; this
contribution is included in the background model [86] that
was used to obtain the activities above. We note that a recent
observation by the NUCLEUS collaboration [91] finds some
apparent difference on the excess rate between surface and
underground measurements, but their analysis on the effect
does not support the interpretation that the difference could
be attributed to cosmic muons.

Finally, we note that in the detectors also decay from
components close to the actual detector can be a cause of ra-
dioactive background. For instance, for the DAMIC detector,
detailed background model calculations showed that events in
surrounding copper components dominated the background in
some energy intervals and could be comparable to the signal in
the detector material and surface (Fig. 9 in Ref. [86]). As the
goal of the current paper is not to analyze a specific detector,
we do not aim at detailed calculations of these effects, but just
note that it is reasonable to assume that stored energy caused
by radioactivity from the detector surroundings could lead to
an excess signal comparable to that from the material itself,
i.e., ∼0.1−0.3% of the total.

Taken together, these calculations show that relaxation of
energy stored in defects caused by known sources radioac-
tivity in the detectors might explain excess signal powers
∼200−500 eV/(g day) in Si-based detectors, where the lower
limit corresponds to our calculation of known sources of ra-
dioactivity at the detector material and surface, and the upper
limit comes from adding a very rough estimate of the contribu-
tions from surrounding materials. This level is experimentally
significant, but not sufficient to explain the entire signal ob-
served. Thus, it remains to be understood, whether there are
other types and sources of damage that could result in similar
annealing spectra. For instance, clusters with impurities, inner
surfaces of voids, and interfaces between materials are also by
definition higher in energy than perfect crystalline bulk, and
might be sources of energy release. Systematic consideration
of possible energy release from these is beyond the scope
of the current study. However, continuing our work, we aim

to consider the material-related effects in more detail in the
future.

These calculations were all carried out based on the nuclear
energy deposition, since in metals and elemental semicon-
ductors, the electronic energy loss does not produce damage.
However, we note that in ionic and amorphous materials
also the electronic energy loss can lead to major amounts of
damage in the form of swift heavy ion tracks [92,93], and
thus in detectors made of ionic materials, similar levels of
radioactivity might cause much higher levels of stored energy
that may be released.

VII. DISCUSSION AND CONCLUSIONS

The main result of this paper is that annealing of damage
produced by radioactive events can cause energy release on
very long time scales after the damage production, even at
cryogenic temperatures. The simulations in this work were
done on silicon, but considering that it is well known that
other covalently bonded semiconductor materials such as Ge
and GaAs produce damage in very similar (and even larger)
damage pockets as Si [21,22,94,95], it is very likely that very
similar behavior would occur in also other covalently bonded
semiconductors. Many ionic materials also undergo amor-
phization [96–98], and hence a similar mechanisms might be
active in at least some of them. Elemental metals cannot be
amorphized [99]; however, metastable damage pockets can be
formed in them in the form of ordered damage clusters (e.g.,
C15 structure) and dislocation loops [100–103]. However,
separate simulation works with appropriate interatomic inter-
action models for other semiconductors, ionic and metallic
materials would be needed to deduce whether energy release
from other materials would have a similar energy dependence.

The effect described in this paper has a time dependence
on the nanosecond to tens of nanoseconds time scale. Most
experiments observing the low energy excess have not re-
ported such time dependence. This is most likely because
their time resolution is large (of the order of milliseconds).
Hence, if there is sufficient amounts of radioactive impurities
or any other damage sources in the sample where numerous
decays occur in the detector within the time resolution, the
average signal on the long time scales would appear constant,
because the detector effectively sums up multiple events. On
the other hand, we do note that the predicted exponential time
dependence of the energy release events on time scales of
tens of nanoseconds at room temperature might be experimen-
tally testable with time-resolved pulsed ion beam experiments
[104,105] and sufficiently fast detectors.

Moreover, as we have shown earlier, a dark matter signal
could have a distinct daily variation [3,89,106], which the
excess signals from known sources of radioactive decay would
not have. In case dark matter induces damage pockets in
materials similar to those studied in the current work, this part
would be expected to have exactly the same energy release
behavior as the ones studied here. Hence, while regular matter
effects appear to dominate the low energy excess signal, some
fraction of it might in principle also have a dark matter origin,
and this part would also be expected to have a daily variation.

In conclusion, using molecular dynamics simulations of
radiation events and their annealing in silicon, we have shown
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that even at cryogenic temperatures, energy release events of
up to 10’s of electron volts can be caused by random annealing
of complex disordered atom pockets. We show that the anneal-
ing can occur by avalanche-like events, where a metastable
defect configuration first crosses an energy barrier of about
0.1 eV. Crossing this kind of small barrier can then trigger
a rapid additional bond rearrangements, that lead to partial
recrystallization and energy releases exceeding 10 eV. This
explains why large energy release events can occur even down
to cryogenic temperatures. These events occur randomly up
to macrosopic time scales after the initial picosecond time
scale radiation event. Hence, in a sensitive detector they could
be caused by annealing of damage produced by, e.g., decay
of radioactive impurities either in the detector itself or in
materials surrounding it. These energy release events have
an exponential energy dependence that agrees very well with
the experimentally observed low-energy excess energy release
in semiconductor detectors. Estimation of known sources of
radioactivity in high-quality Si detectors showed that their
concentration can explain at most ∼0.5% of the observed
excess signal, showing that further work is needed to find
whether the remaining signal is caused by other structures
storing energy, or is due to some completely different effects
that also happen to have a similar energy release spectrum.
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APPENDIX: VERIFYING THE SETTINGS
OF QUANTUM THERMAL BATH

There are five parameters to set the quantum thermal bath,
which are the target quantum temperature, the temperature
damping parameter, the seed for the random number gener-
ator to create the random forces, the cutoff frequency of the
vibration spectrum, and the number of frequency bins used to
discretize the frequency range.

The target quantum temperature is the required tempera-
ture for the system, being set at the beginning of annealing
simulations. The temperature damping parameter is the re-
ciprocal of the friction coefficient γ , deciding how rapidly
the temperature is relaxed to the target temperature. Ac-
cording to LAMMPS manual [108], the suggested range of
temperature damping parameter is 0.2 ps to 1 ps, making the
friction coefficient γ fall into the range 1–5 THz. The seed
for the random number generator is a positive integer, being
used to create the random forces. The cutoff frequency deter-
mines the upper limit of the frequency domain of the random
forces, and vibrational modes with higher frequencies will
not be simulated. According to LAMMPS manual [108], the
recommended range of cutoff frequency is two to three times

FIG. 13. The influence of temperature damping parameter
(“damp” in the figure) on heat capacity results.

of the Debye frequency of the simulated system. The number
of frequency bins sets how many points are sampled in the
frequency domain. According to LAMMPS manual [108], the
number of frequency bins should be large enough so that the
classical temperature can converge to the quantum tempera-
ture as the temperature increases.

Among these five parameters, the temperature damping
parameter and the cutoff frequency have physical significance,
so these two parameters should be tested, evaluating how
much influence they have on calculation results.

First, the influence of temperature damping is investigated.
Figure 13 demonstrates the heat capacity calculation results
with different temperature damping parameters. The three
heat capacity curves from different temperature damping pa-
rameters overlap each other. One can see from this figure that
as long as the temperature damping falls in the suggested
range given by LAMMPS manual, the influence of temperature
damping on the heat capacity results is minimal. Also, all
these three heat capacity curves agree with the experimental
result (given by Anderson et al. [66]) quite well.

FIG. 14. The influence of temperature damping parameter
(“damp” in the figure) on the relationship between quantum temper-
ature and classical temperature.

113603-16



SPONTANEOUS DAMAGE ANNEALING REACTIONS AS A … PHYSICAL REVIEW MATERIALS 9, 113603 (2025)

FIG. 15. The influence of cutoff frequency ( fmax in the figure) on
heat capacity results.

FIG. 16. The influence of cutoff frequency ( fmax in the fig-
ure) on the relationship between quantum temperature and classical
temperature.

FIG. 17. The heat capacity calculation result when the tempera-
ture damping parameter is 0.3 ps and the cutoff frequency is three
times the Debye frequency of silicon.

FIG. 18. The relationship between quantum temperature and
classical temperature when the temperature damping parameter is
0.3 ps and the cutoff frequency is three times the Debye frequency of
silicon. The number of frequency bins is 100.

Figure 14 shows the relationship between the classical
temperature and the quantum temperature, demonstrating the
influence of temperature damping on it. In this figure, the
three temperature curves are very close to each other. One can
see that as long as the suggestions from LAMMPS manual is
followed, the temperature curve is not sensitive to tempera-
ture damping parameter. Therefore, the temperature damping
chosen in the simulations with quantum thermal bath in this
paper is 0.3 ps, being identical with the temperature damping
used in classical thermostats in this paper, enabling a direct
comparison between quantum thermal bath results and classi-
cal thermostat results.

Second, the influence of cutoff frequency is evaluated. Fig-
ure 15 demonstrates the heat capacity calculation results with
different cutoff frequencies. The three heat capacity curves
from different cutoff frequencies overlap each other. This
means that as long as the requirements in LAMMPS manual
are followed, the heat capacity results are not sensitive to the
cutoff frequency. Also, all of the three curves agree with the
experimental result from Anderson et al. [66] quite well.

Figure 16 shows the relationship between the classical
temperature and the quantum temperature, demonstrating the
influence of cutoff frequency on it. In this figure, the three
temperature curves from different cutoff frequencies are very
close to each other. As long as one follows the suggestions
from LAMMPS manual, the temperature curve is not sensitive
to cutoff frequency. Therefore, the cutoff frequency chosen
in the simulations with quantum thermal bath in this paper
is three times the Debye frequency of silicon. The reason for
choosing this value is that Stillinger-Weber potential overes-
timates the Debye frequency of silicon by around 17% [65].
The input cutoff frequency is calculated by three times the
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Debye frequency coming from the Debye temperature of sil-
icon, which is from reference [81]. This value is smaller than
three times the Debye frequency of Stillinger-Weber potential,
falling in the suggested range from LAMMPS manual, two to
three times the Debye frequency of the system (Stillinger-
Weber potential).

Then, with the temperature damping being 0.3 ps and
cutoff frequency being three times the Debye frequency of
silicon, the relationship between heat capacity and tempera-
ture is calculated, which is shown in Fig. 17. From this figure,
the heat capacity curve calculated with quantum thermal bath
agrees well with experimental results given by Anderson et al.
[66] at low temperatures. Moreover, the heat capacity curve
converges to the classical limit given by Dulong-Petit Law
at high temperatures. Therefore, one can see that with these
settings, the temperature dependence of heat capacity can be
correctly reproduced.

Finally, the relationship between the classical temperature
and the quantum temperature is calculated at a large temper-
ature range 0–800 K, with the temperature damping being
0.3 ps and cutoff frequency being three times the Debye
frequency of silicon. The result is shown in Fig. 18.

In this figure, a nonzero classical temperature is present
even when the quantum temperature approaches zero. This
is associated with zero-point energy at low temperatures. At
high temperature, the classical temperature gradually con-
verges to the quantum temperature, which is the classical
limit. According to LAMMPS manual [108], this convergence
also justifies the setting of the number of frequency bins (Nf ).
In the simulations with quantum thermal bath in this paper, the
number of frequency bins is set to be 100. This convergence
in Fig. 18 means that Nf = 100 is large enough to obtain the
convergence of the classical temperature to the target quantum
temperature in a high temperature regime.
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