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In silico broadband mechanical spectroscopy of amorphous tantala
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Adopting an agnostic approach, the quality factor Q of tantala glass is drawn via in silico mechanical
spectroscopy in wide ranges of temperature (10–300 K) and frequency (500 MHz � f � 1 THz). At the highest
frequencies, Q ∝ f −3, consistent with Rayleigh sound scattering. For frequencies lower than terahertz, losses
exhibit a weak power-law frequency dependence Q ∝ f −α with α ∼ 0.1 to 0.2, depending on glass preparation
and temperature. Arguing the validity of the power law down to 1 kHz, we show striking agreement with the
losses measured in annealed amorphous films in the whole temperature range, revealing similitude between
disordered structures created by different routes (quench cooling and deposition). Our results do not support the
scenario of the mechanical loss due to activated relaxation of independent two-level systems.
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I. INTRODUCTION

Recently, an increasing number of fundamental and ap-
plicative research fields faced limitations owing to the me-
chanical thermal noise: optomechanics [1–3] with nanome-
chanical thermal fluctuations [4], micro- and nanomechanical
devices [3,5–7], nanosystems with high mechanical qual-
ity factor Q of interest for radio astronomy, medical imag-
ing, navigation, wireless communication [8], optical atomic
clocks [9], gyroscopes [10], and optical components of gravi-
tational wave detectors [11–14].

Mechanical thermal noise arises from damping mecha-
nisms inside the material [15]. In particular, damping in dis-
ordered solids involve diverse phenomena, depending on the
temperature and the frequency range of interest. We review the
different mechanisms limiting our attention to temperatures
above ∼10 K where quantum tunneling is negligible [16] and
focus on frequencies f below the Ioffe-Regel limit, i.e., below
a few terahertz and Q > π where the wavelength of the sound
waves with attenuation factor � = 2π f /Q is larger than the
average interparticle distance and the notion of a phonon with
a well-defined wave vector is applicable [17]. In the range of
∼0.4–1 THz, sound attenuation is due to the Rayleigh elastic
scattering in a statistically disordered medium, leading to a
contribution to the quality factor given by [17–21]

1

QRayleigh( f )
∝ f 3. (1)

At lower frequencies, anelastic effects become apparent. One
damping mechanism is ascribed to the entropy generated by
the nonreversible heat flow inside the solid [7,22]. Given the
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fundamental large-scale character, the latter mechanism is
observed in both crystals and disordered solids. Two heat-
flow mechanisms are known. In Akhiezer damping (AD),
losses follow by the redistribution of the energy of the sound
wave between the normal modes of the solid due to anhar-
monicity [7,18,20,23,24]. In contrast, in thermoelastic damp-
ing (TED), the thermal relaxation happens between strain-
induced temperature differences in distinct spatial areas of a
solid [7,22,25]. The AD and TED contributions to the quality
factor are encompassed by the simple expression,

1

Qi( f )
= �i

2π f τi

1 + (2π f τi )2
, i = AD, TED, (2)

where both the strength �i and the relaxation times τi depend
on intrinsic thermodynamic properties of the material and, in
the case of TED, also on the size and the shape of the sam-
ple if transverse elastic waves are excited [7,22,25]. Below
∼100 GHz, mechanical losses are also affected by internal
friction which exhibit a much weaker frequency dependence
of the related contribution to the quality factor with respect
to the other ones, Eqs. (1) and (2) [20,21,26–30], exploited in
rather popular models where the Q factor is taken as frequency
independent [31].

The mechanism of friction losses strongly depends on
microscopic details, e.g., the irreversible motion of atoms
during vibration in intrinsic [20,21] or extrinsic [32,33] de-
fective zones localized in the bulk [2,3,7] or surface [32–34]
of the material. Friction losses are usually described by a
phenomenological approach where defects are modeled as
two-level systems (TLSs) with a characteristic energy barrier
V and an asymmetry � between the two states [16,35]. Above
∼10 K, tunneling across the barrier becomes less efficient
than the thermally activated relaxations process (TARP). Ac-
cordingly, the relaxation time is given by the usual Arrhenius
law τ = τ0 exp(V/kBT ) where kB and τ0, respectively, are the
Boltzmann constant and a microscopic time on the order of
∼0.1 ps [16,20,24,35–37]. Routinely, the TARP contribution
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to the quality factor is evaluated as [35]

1

QTARP( f )
= γ 2

kBTC

∫ ∞

0

∫ ∞

0

2π f τ

1 + (2π f τ )2
sech2

(
�

2kBT

)

×p(�,V )d� dV, (3)

where C is the appropriate elastic constant, γ is the coupling
between the defect and strain, and p(�,V ) accounts for the
distribution of TLS parameters. Equation (3) builds on several
delicate assumptions: (i) Defects are taken as independent,
despite a slowly decaying dipolar elastic interaction [38–40],
for a review, see Ref. [37], (ii) the coupling between the sound
wave and the TLS is rationalized in terms of homogeneous
affine elasticity even if it is known that disorder leads to strong
heterogeneous nonaffine strain [41–44], (iii) the microscopic
nature of the TLS excitations, which is still unclear, is pictured
in terms of p(�,V ), taken as temperature independent—
with unknown influence of how the amorphous structure is
prepared (thermal history)—and, for simplicity, factorized in
two terms p(�,V ) = p(�)p(V ), invoking independence of
the two variables. No general consensus has been reached on
the most effective form of both p(�) and p(V ). In particular,
p(V ) has a complex pattern [26] which is approximated as
Gaussian [20], exponential [35,36], or with other forms [24].

The previous discussion suggests to focus on alternative
agnostic methods to: (i) Evaluate the mechanical losses in
disordered solids with no reliance on models and hardly
verifiable assumptions, and (ii) assess the TARP scheme.
To this aim, it seems proper to consider systems with low
losses where the anticipated corresponding low density of
defects better matches the assumptions of the TARP scheme.
In this respect, amorphous solids are of interest [26,45],
in particular, prototypical oxides, such as silica [21,26,46],
titania, and tantala. More specifically, amorphous tantala is
an ideal candidate as a benchmark system, given the wide set
of experimental, e.g., Refs. [47–56], and numerical [36,57]
studies.

The paper is organized as follows. Section II illustrates the
tensile mechanical spectroscopy. The model and the numeri-
cal methods are given in Sec. III. Results are presented and
discussed in Sec. IV and summarized in Sec. V.

II. TENSILE MECHANICAL SPECTROSCOPY

Our main objective is to scrutinise the friction losses and
assess the validity of Eq. (3). Friction losses become apparent
at low frequency below ∼0.1 THz where both Rayleigh and
AD mechanisms are negligible with respect to them [18,20].
TED losses need special consideration. Like in AD, they drop
at low frequency steeply, i.e., as 1/QTED( f ) ∝ f provided that
f � 1/τTED. The magnitude of τTED is a delicate matter. In
fact, TED is due to both longitudinal and transverse thermal
currents following longitudinal and transverse, e.g., flexural,
vibrations. If TED follows from transverse currents, τTED

depends on the shape of the specimen and is proportional to
its cross section [22,25]. The influence of extrinsic features
makes a numerical approach at atomic length scale debatable.
Instead, the drawback is not present for longitudinal currents

FIG. 1. (a) Tensile mechanical spectroscopy of tantala
glass. (b) Representative plots of the applied oscillatory strain
(ω = 1012 rad/s) and the resulting stress.

where only intrinsic properties are involved [22,25]

τL−TED = κ

v2CV
, (4)

where κ, CV , and v are the thermal conductivity, the specific
heat per unit volume, and the velocity of sound, respectively.
For tantala τL−TED � 1.7 ps (κ = 33 Wm−1 K−1 and CV =
2.1×106 J m−3 K−1 [58] and the approximate value of v =
3×103 m/s [59]). Since τL−TED is comparable to τAD [18,20]
and TED and AD have the same frequency scaling at low
frequency, see Eq. (2), one expects that, if TED is induced
by longitudinal waves only is, such as AD, negligible with
respect to TARP mechanism below ∼0.1 THz [18,20].

The previous remarks prompted us to design an in silico
mechanical spectroscopy with the aim at exciting only lon-
gitudinal vibrations. More explicitly, we performed nonequi-
librium molecular-dynamics (NEMD) simulations of glassy
tantala created from the melt with different cooling rates.
Following the protocol of mechanical spectroscopy adopted
in experiments [60–62] and simulations [46,63–66], the glass
is subjected to periodic tensile elongation along one single
direction perpendicular to a face with frequency f , and the
storage and the dissipative parts of the dynamic elastic modu-
lus, E ′( f ) and E ′′( f ), respectively, are evaluated in the linear-
response regime (500 MHz � f � 1 THz), see Fig. 1. Apart
from the elongation direction, no deformation occurs in other
directions. The quality factor is determined by the ratio,

Q( f ) = E ′( f )

E ′′( f )
. (5)

Having set the deformation scheme, Q( f ) depends only on the
adopted microscopic force field with no other assumptions.

III. MODEL AND METHODS

Classical molecular-dynamics simulations for amorphous
tantala were carried out using LAMMPS software [67]. We
model tantala (Ta2O5) using a modified van Beest, Kramer,
and van Santen potential [68] with an additional pseudocova-
lent Morse term [69]. For computational reasons, we imple-
mented Wolf truncation with a cutoff function as proposed in
Ref. [57]. Each simulation consists of 2520 atoms, contained
in a cubic box with periodic boundary conditions. Glassy sam-
ples were produced cooling high-temperature liquids. Tantala
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crystal is first equilibrated at 300 K and then rapidly heated
to 5000 K. The liquid at 5000 K is equilibrated for 50 ns
and then cooled down to 0 K at constant quench rate with
an N-P-T ensemble. During the quench run, configurations at
the temperatures of interest were collected, equilibrated again
for 50 ps and finally energy minimized. With this protocol,
we generated 30 independent samples, whose amorphous
structure is confirmed after examining their pair distribution
function. The numerical analog of mechanical spectroscopy
is achieved by imposing to the simulation box a sinusoidal
tensile strain εii(t ) = ε0 sin(ωt ) in the i direction as sketched
in Fig. 1(a) and measuring the corresponding tensile stress
along the same direction σii. No deformation of the simulation
box takes place in other directions. The results are averaged
over all three directions (i = X, Y , or Z). The frequency
f = ω/2π is varied from 0.5 GHz to 1 THz. The frequency
range is below the Ioffe-Regel limit, i.e., below a few tera-
hertz and Q > π where the wavelength of the sound waves
with attenuation factor � = ω/Q is larger than the average
interparticle distance and the notion of a phonon with a well-
defined wave vector is applicable [17]. We fix the amplitude
ε0 = 0.01 such that the deformation is in the linear elastic
regime. In order to maintain constant temperature conditions
and dissipate the heat produced during the deformation, a
Berendsen thermostat is employed. As a result of deformation,
the corresponding component of the internal stress �(t ) has
an oscillatory behavior at the same frequency of the strain as
shown in Fig. 1(b). Mechanical dissipation Q−1 is derived via
the relation,

Q−1 =
[∫ NcTω

0
cos(ωt )�(t )dt

]/[∫ NcTω

0
sin(ωt )�(t )dt

]
,

(6)

where Tω = f −1 is the oscillation period and Nc is the number
of strain cycles. In the following, Q−1 is calculated during, at
least, 20 deformation cycles, i.e., Nc � 20.

IV. RESULTS AND DISCUSSION

First, we focus on the glass preparation via melt cooling.
Figure 2(a) shows the temperature dependence of the specific
volume at different cooling rates. The knee signals the vit-
rification of the sample. One observes better densification at
lower cooling rates and final densities at 300 K well in the
experimental range of the amorphous solids prepared by depo-
sition [55,56]. Figure 2(b) shows that the fictive temperature,
i.e., the position of the knee, decreases with the logarithm
of the cooling rate in agreement with the experiments [70].
Figure 2(c) shows that the slower the cooling rate the lower
the inherent energy of the glass, i.e., the energy deprived of the
thermal energy, thus, suggesting an exploration of the deeper
states of the energy landscape [71].

Figure 3 illustrates the frequency dependence of the stor-
age (top) and the dissipative (bottom) parts of the dynamic
elastic modulus of a tantala glass. Below ∼0.2 THz, the
larger magnitude of E ′ with respect to E ′′ evidences the
limited mechanical losses which increase at higher temper-
atures where the ratio E ′/E ′′ becomes smaller. Figure 3(a)
shows that the frequency dependence of the storage modu-

(a)

(c)

(b)

FIG. 2. (a) Temperature dependence of the specific volume at
different cooling rates. The yellow bar signals the range of the
experimental values of the amorphous films [55,56]. The inset is a
magnification of the knee defining the fictive temperature. (b) The
quasilogarithmic decrease in the fictive temperature with the cooling
rate. (c) Inherent energy of the glass in the low-temperature range
[the same symbols as in panel (a)]. The dashed lines are guides for
the eyes.

lus is not monotonous. On increasing the frequency below
∼0.2 THz, E ′( f ) slightly increases. At higher temperatures,
the increase is more pronounced. Above ∼0.2 THz, a sharp
drop is observed. On the other hand, the dissipative part of
the dynamical modulus E ′′( f ) increases mildly with the fre-
quency below ∼0.2 THz with a much steeper growth at higher
frequencies, see Fig. 3(b). The joint increase in both E ′( f ) and
E ′′( f ) for f � 100 GHz is characteristic of disordered solids
at low frequencies [29]. The nature of the rapid changes in
both E ′( f ) and E ′′( f ) for f � 100 GHz will become clear by
discussing their ratio, i.e., the quality factor Eq. (5) in the next
paragraph.

Figure 4 reports the main results of the mechanical spec-
troscopy analysis, i.e., the frequency dependence of the in-
verse quality factor Q under isothermal conditions following
different cooling rates. Figures 4(a) and 4(b) show that at
high frequencies ( f ∼ 1 THz) the losses change according
to a temperature-independent power-law Q ∝ f −3, consistent
with the Rayleigh scattering [17,19–21]. This provides an
explanation of the steep changes in the dynamic modulus
observed at high frequency in Fig. 3. At lower frequency, after
a crossover region between approximately 100 and 300 GHz,

(a) (b)

FIG. 3. (a) Storage and (b) loss components of the dynamic
elastic modulus.
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(a) (b)

(c) (d)

FIG. 4. Isothermal frequency dependence of the inverse quality
factor Q−1 for the glasses cooled at (a) 104 K/ns and (b) 102 K/ns.
The dashed lines are the best-fit curves with Eq. (7). At high
frequencies ( f ∼ 1 THz) Q ∝ f −3 consistent with the Rayleigh scat-
tering [17,19–21]. At lower frequency, after a crossover region, a
well-defined temperature-dependent power-law regime is observed.
Panels (c) and (d) magnify in lin-log plots the power-law regimes of
the panels (a) and (b), respectively. The insets: exponent α according
to Eq. (7). The temperature dependence of the exponent vanishes by
increasing the cooling rate.

where 1/Q changes in frequency with an effective slope
between about 0.2 and 3 in the log-log plot, one systematically
observes a well-defined frequency power-law regime,

Q( f ) ∝ f −α, (7)

with α ∼ 0.1 to 0.2, depending on both temperature and
cooling rate. The frequency dependence of 1/Q( f ) below
100 GHz is not consistent with both AD and TED. In partic-
ular, for frequencies lower than 1/τL−TED ∼ 1/τAD ∼ 1 THz,
see Sec. II, their contribution to 1/Q( f ) is proportional to fre-
quency, see Eq. (2), i.e., much steeper than the observed one.
Our simulations suggest that, if AD and TED have significant
magnitude with respect to the other damping mechanisms,
their contribution is limited to the crossover region between
about 100 and 300 GHz and only internal friction is effective
at lower frequency. Figures 4(c) and 4(d) magnify in lin-log
plots the power-law regimes. We do not observe deviations
from Eq. (7) down to f ∼ 500 MHz. The systematic presence
of a power-law frequency dependence of the quality factor at
low frequency is supported by a large body of evidence. For a
recent broad overview, see Ref. [27] and more specific studies
concerning sediment, soil and rocks [72], random media [73],
porous structures [74], amorphous silica [21], unstressed sil-
icon nitride [75], other anelastic solids [28,29,76,77], as well
as biological tissues [78]. Even if ubiquitous, the interpreta-
tion of Eq. (7) is not unique. The quality factor is related to the
force spectral density via Q( f ) ∝ 1/ f S( f ) [15], and then it is
natural to read Eq. (7) as manifestation of the low-frequency
1/ f noise [79,80]. In particular, Eq. (7) is recovered in multi-

(a) (b)

FIG. 5. Low-frequency extrapolation of the power-law regime of
the isothermal inverse quality factor Q−1 for the glasses cooled at
(a) 104 K/ns and (b) 102 K/ns. The same color code and symbols
as in Fig. 4. The fast-quenched sample exhibits a quality factor at
low frequency, e.g., 1 kHz, which is nearly temperature independent,
different from the slowly quenched sample. For comparison, panel
(a) includes also MD-TARP data concerning a glass made by cooling
a melt at 3.5×104 K/ns [36]. Note their much stronger temperature
dependence.

plicative schemes where relaxation depends on the successful
outcome of several independent steps [80–82]. Equation (7)
may be also understood in the framework of additive schemes
as the weighted sum over a set of independent dissipation
entities characterized by a broad range of thermally activated
relaxation rates due to a nearly flat distribution of energy bar-
riers [79], i.e., the view adopted by the TARP scheme. Within
the additive scheme, Eq. (7) with 0 < α < 1 is recovered by
resorting to the universal features of the statistics of extremely
low-energy states [83] leading to the exponential distribution
of the energy barriers p(V ) = pexp(V ) ∝ exp[−V/kBT0] [84]
where T0 is an effective temperature, yielding α = T/T0 at a
given temperature T [28,76,84,85]. Our simulations show that
the temperature dependence of the α exponent in Eq. (7) is
fairly weak and increases for glasses prepared with smaller
cooling rates, see Fig. 4, insets of panels (c) and (d), which
are compatible with a narrowing of p(V ).

Figure 5 is plotted arguing the validity of the power-law
regime of the frequency dependence of the isothermal quality
factor down to very low frequencies. In particular, Fig. 5(a)
compares the loss of the glass cooled at q = 104 K/ns with
the predictions of the TARP model Eq. (3) with parame-
ters drawn by MD simulations of an identical Ta2O5 glass
model, prepared by cooling the melt at a comparable rate
q = 3.5×104 K/ns [36]. It is seen that the MD-TARP model
recovers the low-frequency power-law Eq. (7). However, by
increasing the temperature above 50 K, it predicts increasing
smaller losses with respect to ours, which is not consistent
with the larger cooling rate used to prepare the glass. Fig-
ure 5(b) shows the losses of the glass prepared by lower cool-
ing rate (q = 102 K/ns) calculated by NEMD. With respect
to the glass prepared with q = 104 K/ns, they exhibit much
stronger temperature dependence at low frequency. Unfortu-
nately, no related MD-TARP predictions are reported.

To discriminate between the effectiveness of the NEMD
approach and the MD-TARP model, we compared the
two methods, both concerning with quench-cooled glasses,
with measurements concerning amorphous films created by
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(a) (b)

(d)(c)

FIG. 6. Frequency (left) and temperature (right) dependence of
the inverse quality factor Q−1 at 300 K and f = 1 kHz, respectively,
of the glasses produced by quench cooling at 104 (top) and 102 K/ns
(bottom). MD-TARP data from Ref. [36]. Experimental data from
Refs. [48,49] (d1), [50] (d2), [51] (d3), [48,49] (d4), [52] (d5), [53]
(d6), and [54] (d7). The dashed lines in panels (a) and (c) bound the
uncertainty of the NEMD data from the present paper (PW).

deposition [48–54]. This seemingly hazardous step was, in
part, driven by the missing, to the best of our knowledge, me-
chanical data concerning quench-cooled glassy tantala but, it
is also fully justified in view of recent experiments concluding
that the amorphous tantala film shares a common progenitor
state with a hypothetical glass quenched from the melt [47].
The results are summarized in Fig. 6. Panel (a) compares the
low-frequency losses at T = 300 K of not annealed films pre-
pared with different procedures [48,49] with the ones evalu-
ated for glasses prepared by fast quench [data from Fig. 4(c)].
The significant spread of the measurements results from the
known influence of different sample production processes and
makes difficult a comparison with the evaluated Q values.
However, a clearer picture is provided by measurements at dif-
ferent temperatures with f = 1 kHz [50,51]. In fact, Fig. 6(b)
shows that, although the losses evaluated by the MD-TARP
model for the glass cooled with rate q = 3.5×104 K/ns [36]
are inconsistent with the experiment, our NEMD data for
the glass with q = 104 K/ns deviate from the experiment not
more than ∼50%, capturing the weak role of the temperature.
In a further effort, we profited from the fact that suitable
annealing yields mechanical losses much less dependent on
the deposition procedure [48,49,52–54]. Figures 6(c) and 6(d)
compare the measurements concerning annealed amorphous

tantala films [48,49,52–54] with the NEMD results concern-
ing a glass prepared by slower melt cooling (q = 102 K/ns).
The agreement is remarkable, giving strong support to the
possibility to match the properties of disordered structures
created by extremely different routes. For completeness, we
also plot in Figs. 6(c) and 6(d) the MD-TARP predictions
concerning a glass made by q = 3.5×104 K/ns shown in
Figs. 6(a) and 6(b) (the only cooling rate studied in Ref. [36]).
Again, large disagreement is seen, especially in the tempera-
ture dependence of the loss which is much stronger than the
experimental one. The predictions of the TARP model cannot
improve by using as input data to Eq. (3) the ones of the
glass we used in our NEMD and made by cooling at q =
102 K/ns. In fact, the comparison of Figs. 4(c) and 4(d) shows
that the lower the cooling rate, the stronger the temperature
dependence of the losses. This follows by the narrowing of
the energy barrier distribution due to the better annealing of
the glass and suggests that the TARP model would predict
losses with much stronger temperature dependence than using
the data of the glass made with q = 3.5×104 K/ns, the latter
dependence already being stronger than the experimental one.

V. CONCLUSIONS

We have reported a numerical approach, covering by MD
simulations about 3.3 decades in frequency (500 MHz � f �
1 THz), which, combined with an informed extrapolation
scheme, allows one to evaluate by an agnostic approach the
mechanical loss in disordered solids over about nine decades
in frequency (kilohertz to terahertz). We demonstrate our
approach in tantala evidencing remarkable agreement with the
available experimental data concerning annealed amorphous
films created by deposition in the temperature range spanning
from cryogenic to room values (10–300 K), in sharp contrast
with the poor accuracy of the TARP scheme. The latter finding
points to the possibility to interpret the mechanical properties
of amorphous annealed film in terms of a glassy state pro-
duced by properly cooling from the melt. Our results, captur-
ing weakly frequency-dependent low losses in a quantitative
way, suggest that in silico mechanical spectroscopy has the
potential to push its predictive power down to the millisecond
timescale and to rationalize in a powerful way mechanical
losses of amorphous materials that are critically important
for nanosystems and gravitational wave detection [11–14].
We anticipate that our approach could be extended to other
materials, including glasses exhibiting reduced friction in low-
frequency and room-temperature conditions. This is the case
of SiO2 [26] where, notably, the power-law regime Eq. (7)
sets in below ∼300 GHz [21], thus, resulting in an increased
overlap with simulation frequencies with respect to tantala and
ensuring a reliable extrapolation down to low frequencies.
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