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The heat-carrying acoustic excitations of amorphous silicon are of interest because their mean free paths may
approach micron scales at room temperature. Despite extensive investigation, the origin of the weak acoustic
scattering in the heat-carrying frequencies remains a topic of debate. Here, we report measurements of the
thermal conductivity mean free path accumulation function in amorphous silicon thin films from 60 to 315 K
using transient grating spectroscopy. With additional picosecond acoustics measurements and considering the
power-law frequency dependence of scattering mechanisms in glasses, we reconstruct the mean free paths from
∼0.1–3 THz. The mean free paths are independent of temperature and exhibit a Rayleigh scattering trend over
most of this frequency range. The observed trend is inconsistent with the predictions of numerical studies based
on normal mode analysis but agrees with diverse measurements on other glasses. The micron-scale MFPs in
amorphous Si arise from the absence of anharmonic or thermally activated relaxation damping in the sub-THz
frequencies, leading to heat-carrying acoustic excitations with room-temperature MFPs comparable to those of
other glasses at cryogenic temperatures.
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I. INTRODUCTION

The collective acoustic excitations of amorphous solids
are of fundamental interest due to their anomalous properties
compared to those of crystalline solids, including an excess
heat capacity at cryogenic temperatures [1,2] and scatter-
ing of acoustic excitations by two-level systems [3–7]. The
dispersion and scattering of acoustic excitations responsible
for heat transport have been extensively explored in many
glasses using experimental methods such as inelastic scat-
tering [8–13], tunnel junction spectroscopy [14], Brillouin
scattering [15–17], and picosecond acoustics [18,19], among
others. These studies have generally found that excitations
with well-defined frequency and wave vector are supported up
to ∼1 THz. The mean free path versus frequency is observed
to exhibit clear power laws [20,21], indicating the dominance
of a single scattering mechanism within a given frequency
band. Considering temperatures above 20 K, these scattering
mechanisms include Akhiezer damping, thermally activated
relaxation damping, and Rayleigh scattering [3,5].

Amorphous silicon (aSi) is an interesting glass for several
reasons. First, at ultrasonic frequencies, attenuation by two-
level systems is observed in vitreous silica but not in aSi,
suggesting a low density of these systems in aSi [22,23]. Sec-
ond, thermal transport measurements indicate that the thermal
conductivity of aSi can be higher than those of many glasses
[24–27] and that heat-carrying acoustic excitations travel dis-
tances on the order of one micron at room temperature despite
the atomic disorder [27–30]. For comparison, the value in-
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ferred for vitreous silica at room temperature is on the order
of a few nanometers [21,31].

Experimentally probing the scattering of acoustic ex-
citations in this regime with small sample volume is a
long-standing experimental challenge, and as a result, studies
of the acoustic excitations in aSi relied on numerical simu-
lations based on normal mode analysis. Feldman and Allen
classified the excitations in aSi as propagons, diffusons, and
locons according to the qualities of the normal mode eigenvec-
tors [32]. Fabian and Allen computed anharmonic decay rates
of the normal modes of aSi, predicting that they should exhibit
a clear temperature dependence [33]. Other molecular dynam-
ics simulations based on normal mode analysis predicted that
the MFPs decrease as ω−2 for few THz excitations, leading
to the conclusion that they are damped by anharmonicity
[34,35]. Although some of these predictions are reported to
be consistent with the experiment [36], others are not. For
instance, the predicted temperature dependence of THz ex-
citations in Ref. [33] is not observed experimentally using
inelastic x-ray scattering [9]. In the hypersonic frequency
band ∼100 GHz, the measured values of attenuation are lower
than those predicted by anharmonic damping [37].

An experimental approach to constrain the frequency-
dependence of sub-THz phonon scattering in aSi would help
to resolve this discrepancy. For solids like aSi with MFPs
in the micron range, transient grating (TG) is a tabletop ex-
perimental method that is capable of measuring the MFP
accumulation function, or the cumulative thermal conduc-
tivity distribution versus MFP [38]. The technique relies
on observations of nondiffusive thermal transport to con-
strain this function. The frequency-dependent MFPs and
hence the scattering mechanisms can be reconstructed from
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FIG. 1. (a) Schematic of the TG experiment. Two pump laser
pulses are interfered on the sample, impulsively creating a spatially
periodic temperature rise. The probe beams diffract from the tran-
sient grating, monitoring the thermal relaxation. A scanning electron
microscope image of the free-standing amorphous silicon membrane
is shown. (b) Representative measured signals versus time and single
exponential fits for aSi at 315 K for various grating periods.

these measurements with additional information. First, the
frequency-dependent MFPs in other glasses exhibit clear
power laws [8,20,39], and such power laws may be reason-
ably assumed to occur in aSi as well. Second, additional data
on the acoustic dispersion and scattering are known for aSi.
Specifically, the dispersion of acoustic excitations is isotropic
and experimentally available [9], and the low and high fre-
quency limits of the attenuation coefficient are known from
picosecond acoustics [37] and inelastic x-ray scattering [9],
respectively. Collectively, this information provides ample
constraints for the reconstruction.

Here, we report the application of this approach to re-
construct the MFPs of sub-THz acoustic excitations in a
free-standing aSi thin film. The MFPs are independent of
temperature and exhibit a Rayleigh-type scattering trend over
most of the accessible frequency range from ∼0.1–3 THz.
These trends are inconsistent with predictions from normal
mode analysis but agree with the trends measured in other
glasses. The distinguishing feature of aSi is the weak anhar-
monic or thermally activated relaxation damping of sub-THz
vibrations, leading to acoustic attenuation in aSi at room tem-
perature comparable to that of vitreous silica at ∼1 K.

II. EXPERIMENT

We used TG to measure the thermal diffusivity of
∼500-nm-thick, free-standing aSi thin films with variable
grating period L from ∼0.75–15.7 μm and at several tem-
peratures from 60 to 315 K. The samples were prepared using
the method of Ref. [9]. Amorphous silicon was deposited on a
silicon nitride handle wafer using plasma-enhanced chemical
vapor deposition (PECVD) with silane gas diluted (5%) in
argon gas at a deposition table temperature of 470 K. The
expected hydrogen content is ∼20% [9], which was reported
not to measurably affect the thermal transport [40] (see also
Sec. II of Ref. [9]). The thickness of the aSi layer was 500 nm
as measured by spectroscopic reflectometry (Filmetrics model
F40). The handle wafer was subsequently etched using
reactive-ion dry etching for 10 minutes, resulting in a free-
standing aSi film with a rectangular aperture of area ∼1 mm2.

A schematic of the TG experiment and a scanning electron
microscope image of the sample are provided in Fig. 1(a);

a complete description of the TG spectroscopy experiment
employed in this work can be found in Refs. [41,42]. Briefly,
two pump laser pulses (wavelength 515 nm, pulse duration
≈1 ns, repetition rate 200 Hz) are focused on the sample
(1/e2 diameter 520 μm); the optical interference creates a
spatially periodic heating profile with tunable grating period
(L ∼ 0.75–15.7 μm) and wave vector (q = 2π/L). A con-
tinuous wave laser beam (wavelength 532 nm, chopped at
3.2% duty cycle to minimize steady heating, 470 μm 1/e2

diameter) diffracts from the grating, monitoring its thermal
relaxation. We employ a heterodyne detection method to in-
crease the signal-to-noise ratio [43]. The optical powers were
chosen to yield adequate signal-to-noise ratio while minimiz-
ing steady heating (see Supplementary Material [44], Sec. V
for additional discussion). The thermal diffusivity was ob-
tained using α = L2/(4π2τ ) where τ is the thermal decay
time constant. Finally, the thermal conductivity was computed
using the literature heat capacity [45].

TG provides information on the heat carrier MFPs if they
are comparable to ∼L/2π [38,46]. In the present case, ex-
trinsic boundary scattering may decrease the MFP from its
intrinsic value, but for specularity parameters on the order
of those measured at surfaces terminating crystalline silicon
(∼0.95 in Ref. [47]) the maximum MFP is expected to be
∼0.5(1 + p)/(1 − p) ∼ 20 μm. Excitations with MFPs on
this length scale should be readily detectable if present despite
the boundary scattering.

III. RESULTS

Figure 1(b) shows representative signals at ∼315 K (addi-
tional data and fits are provided in Supplementary Material,
Sec. I). The decay exhibits a single exponential profile with
a time constant in the range of tens of nanoseconds to mi-
croseconds due to thermal transport. The thermal diffusivity
is obtained by extracting the time constant of the single ex-
ponential decay; the thermal conductivity is then computed
using the measured heat capacity from Ref. [45].

The measured TG signal for a grating period of L = 754
nm is shown in Fig. 2(a). The actual thermal decay is clearly
slower than that predicted based on the thermal diffusivity
measured at L � 10 μm, indicating the presence of acous-
tic excitations with MFPs comparable to the grating period.
Measurements of the decay rate versus q2 for all the grating
periods at 60 K are given in Fig. 2(b). The measured decay
rate follows the linear trend expected from diffusion theory
up to around q2 ∼ 4.6 μm−2 (L ∼ 3 μm), above which the
decay rate becomes smaller.

Figure 2(c) shows the measured thermal conductivity ver-
sus grating period obtained from these time constants at 60 K
considered in this study. As the grating period becomes com-
parable to some MFPs, the effective thermal conductivity
varies with grating period due to the ballistic transport of the
acoustic excitations over the scale of the grating period. For
L = 754 nm, the reduction of the thermal conductivity from
the value at L = 10.7 μm is ∼30%.

We calculated the MFP accumulation function that is
consistent with these measurements using the method of
Ref. [42]. More precisely, the posterior probability distri-
bution of the thermal conductivity accumulation function
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FIG. 2. (a) Measured TG signal versus time (symbols) for grating period L = 754 nm (q2 ∼ 70 μm−2) at T = 60 K, along with the best fit
(solid red line) and the predicted decay using the thermal conductivity measured at L = 10.7 μm (dashed black line). The actual signal decays
slower than predicted, indicating a departure from diffusive thermal transport. (b) Inverse time constant versus q2 at T = 60 K. A deviation
from the linear trend is observed for L � 3 μm (q2 � 4.6 μm). (C) Measured thermal conductivity versus grating period at T = 60 K. A
decrease in thermal conductivity of ∼30% is observed.

along with credible intervals were obtained for each temper-
ature using Bayesian inference with a Metropolis–Hastings
Markov chain Monte Carlo algorithm. The posterior distribu-
tion bounded by the 99% credible interval at 60 K is shown
as the shaded region in Fig. 3(a). The figure shows that the

FIG. 3. (a) Posterior probability distribution and 99% credible
interval of the thermal conductivity accumulation versus the mean
free path at 60 K (shaded region), along with the predicted thermal
conductivity accumulation at L = 10.7 μm from each candidate
profile (lines). Inset: Candidate MFP profiles versus frequency: ω−4,
constant (profile 1: dotted lines); ω−1, ω−4, constant (profile 2: solid
lines). Upper and lower curves indicate the LA and TA MFPs,
respectively. (b) Measured thermal conductivity versus the grating
period (symbols) along with that predicted from posterior distribu-
tion (shaded region) and the two profiles (lines) at 60 K. (c) Measured
thermal conductivity versus temperature for L = 10.7 μm (filled
circles) along with the literature data (open symbols). The calculated
bulk (L = 10.7 μm) thermal conductivities using profile 2 are shown
as the solid (dashed) line.

percentage of the heat carried by excitations with MFPs larger
than 1 μm is ∼31 ± 18%, qualitatively agreeing with the
recent observation that more than 50% of the heat is carried
by MFPs exceeding 100 nm [30].

We now examine the constraints that the thermal conduc-
tivity accumulation function places on the allowed frequency
dependence of the MFPs. The strategy is to construct a low-
energy Debye model for the thermal conductivity and identify
the frequency-dependent MFPs that can simultaneously ex-
plain the accumulation function and independent data from
inelastic x-ray scattering (IXS), picosecond acoustics, and
other sources. Following Ref. [38], the measured thermal con-
ductivity κi can be expressed as

κi =
∑

s

∫ ωm,s

0
S(xi,s)

[
1

3
Cs(ω)vs�s(ω)

]
dω + κIR(T ), (1)

where s indexes the polarization, qi = 2πL−1
i , xi,s = qi�s(ω),

S(xi,s) is the isotropic suppression function in Refs. [38,48],
ωm,s is the cutoff frequency for collective acoustic excitations,
and κIR(T ) is the contribution from excitations above the
Ioffe-Regel (IR) cutoff frequency. The Debye heat capacity Cs

of acoustic excitations is calculated from the group velocities
vs which are known, isotropic, and independent of tempera-
ture [9,49]. The first term of Eq. (1) is a Debye model for
the thermal conductivity of an isotropic solid that includes the
effect of nondiffusive thermal transport over a grating period.

The desired quantity is �s(ω), or the MFP versus fre-
quency for the LA and TA polarizations. The grating period
dependence of the thermal conductivity provides constraints
on �s(ω), and independent data provide further constraints.
First, the linewidths of LA excitations at frequencies above
3.7 THz are known from IXS measurements and are inde-
pendent of temperature [9]. As the TA linewidths are not
accessible with IXS, we use the values from MD simula-
tions as these values for the LA branch quantitatively agreed
with IXS measurements. These values allow the thermal con-
ductivity of collective excitations above ∼3.7 THz to be
obtained from Eq. (1); at room temperature this contribution
is ∼0.5 Wm−1K−1.

Second, the attenuation lengths at hypersonic frequencies
∼100 GHz can be obtained from picosecond acoustics from
30 to 300 K. The room temperature value is available in
Ref. [37]. To obtain the value at other temperatures, we de-
posited aSi films using the same method as for the TG samples
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but on a sapphire wafer and with variable thickness between
2 to 6 μm. Measurements of the amplitude of a thermoelas-
tic strain pulse as it makes multiple round trips through the
film allow the intrinsic attenuation lengths to be extracted
(see Supplementary Material, Sec. III for further details). The
measured values are on the order of 10 to 20 μm and depend
weakly on temperature. Although the acoustic properties of
aSi thin films may differ depending on fabrication recipe, the
good agreement between our room temperature value and that
of Ref. [37] suggest that our films are representative of those
studied in the field.

The lack of temperature dependence of the MFPs at both
100 GHz and ∼3 THz suggests that the MFPs at intermedi-
ate frequencies should also be independent of temperature.
Qualitatively, these observations indicate that anharmonic
or thermally activated relaxation damping are weak in aSi
as they both exhibit a temperature dependence. Quantita-
tively, the weak temperature dependence, the PSA and IXS
measurements, the measured thermal conductivity versus
grating period at the five temperatures in this study, and the
clear power-law frequency dependence of MFPs observed in
other glasses [20] impose tight constraints on the frequency-
dependence of the MFPs and hence the scattering mechanisms
in the sub-THz frequencies. The inset of Fig. 3(a) shows two
candidate MFP profiles that satisfy these constraints for the
LA and TA branches. Power-law dependencies � ∼ ω−n are
assumed and combined using Matthiessen’s rule. Profile 1
transitions from a constant value to n = 4 corresponding to
Rayleigh scattering, while profile 2 transitions from constant
to n = 4 at ∼2–3 THz and then to n = 1 at ∼200–300 GHz.

The thermal conductivity accumulation versus MFP at
60 K computed from these profiles is given in Fig. 3(a). In
this figure, κIR was chosen to match the measured thermal
conductivity for L � 10 μm to facilitate comparison. Profile 2
exhibits better agreement with the posterior distribution, with
profile 1 exhibiting a weaker trend with MFP compared to the
posterior distribution.

The thermal conductivity versus grating period for the
posterior distribution and both profiles is shown in Fig. 3(b).
Profile 2 again yields better agreement with the trend
of thermal conductivity versus grating period compared
to profile 1. An alternate profile that increases as n = 4
immediately at 3.7 THz yields a thermal conductivity that
exceeds the experimental values at all temperatures (not
shown). We find that profiles consistent with profile 2 are best
able to explain the magnitude and grating period dependence
of the thermal conductivity. Specifically, the MFPs must
remain constant as frequency decreases and then increase
rapidly as n = 4. To agree with the PSA data, the trend must
then switch to n = 1 or n = 2. The n = 1 trend is favored by
independent picosecond acoustic measurements at 50 GHz
and 100 GHz [37]. Considering the weak dependence of the
MFPs on temperature, this discussion suggests a structural
origin of scattering at ∼100 GHz such as density fluctuations,
which is predicted to exhibit an n = 1 trend [50].

We provide further evidence in support of profile 2 by
calculating the bulk thermal conductivity versus temperature
with these MFPs and comparing it to the measured values in
the present work and Refs. [36,51]. Figure 3(c) shows that
the computed bulk thermal conductivity agrees with the mea-

surements of Ref. [51]. However, discrepancies are observed
between the computed bulk thermal conductivity and the data
of this work and Ref. [36]. Accounting for the suppression
of the contribution of phonons of MFP exceeding the max-
imum grating period used in the present experiments (L =
10.7 μm) yields good agreement with our data and qualitative
agreement with Ref. [36]. Therefore, the trends of their mea-
surements could be attributed to extrinsic boundary scattering
limiting the maximum MFP rather than intrinsic scattering
mechanisms. The value of specularity parameter required
to produce micron-scale MFPs � for the d ∼ 100-nm-thick
membrane used in their work is ∼0.95; this specularity agrees
well with that of Ref. [47].

Evidence in support of the n = 1 trend at ∼100 GHz can be
obtained by extrapolating the MFP inferred from the dominant
phonon approximation with the data of Ref. [51], assuming
that the physical origin of the scattering remains the same at
temperatures below 10 K. The dominant heat-carrying phonon
frequency at ∼3 K is ∼260 GHz [31]; taking their measured
thermal conductivity and the computed heat capacity of
acoustic excitations at 3 K (κ ∼ 0.2 W m−1K−1, and
C ∼ 48 Jm−3K−1, respectively) along with the average sound
velocity (v ∼ 4400 ms−1), the average MFP of the dominant
phonon can be obtained using �dom ∼ 3κ/Cv ≈ 3 μm.
If the MFP trend follows n = 1 at these frequencies, the
MFP from Ref. [51] at 3 K implies a MFP of ∼10–20 μm
at 50 to 100 GHz, close to the PSA measurements of the
present work. This analysis thus supports the magnitude,
frequency dependence, and weak temperature dependence of
the reconstructed MFPs.

We now reconstruct the MFP profile that best explains
the data and is consistent with profile 2. Given the
above constraints, the MFPs are characterized by only
two parameters: the transition frequencies from n = 4 to
n = 1 for both acoustic polarizations, ωm,L and ωm,T . The
remaining unknown parameter is κIR(T), which may depend
on temperature. We let this function follow the temperature
dependence of the heat capacity, κIR(T ) ∝ C(T ) [52]. Then,
we obtain the MFPs that best explain the TG data by
numerically optimizing these parameters to fit the TG data at
all temperatures. The comparison between the computed and
measured thermal conductivity is provided in Supplementary
Material, Sec. II, and good agreement is observed at all
temperatures. Further discussion of the choices of ωm,L,
ωm,T , and κIR that are compatible with the data is given in
Supplementary Material, Sec. IV; the trend of MFP with
frequency remains the same for all of these parameter sets.

The reconstructed MFPs for the LA and TA polariza-
tions are shown in Fig. 4. To gain physical insight into
the scattering mechanisms in aSi, we compare the char-
acteristics of the reconstructed MFPs with those reported
for vitreous silica, an extensively studied glass with repre-
sentative measurements provided in Fig. 4. The frequency
dependence of the MFPs in aSi agrees well with these and
other measurements [8,14,16–19,53,54]. The n = 4 Rayleigh
scattering trend for both glasses occurs in the 1–3 THz range
with a transition to a weaker power law in the sub-THz
frequencies. Thus, the frequency dependence of acoustic scat-
tering in aSi shares several features in common with other
glasses.
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FIG. 4. Reconstructed MFPs versus frequency for thermal acous-
tic excitations in aSi at 300 K. Also shown are PSA data for aSi
(Ref. [37]), literature data for vitreous silica from inelastic x-ray
scattering (diamonds, Refs. [8,55]), tunnel junction spectroscopy
(5-pointed stars, Ref. [14]), a multipulse optical technique (upward
pointing triangles, Ref. [39]), and from transport measurements
(dashed line, Ref. [31]).

However, comparing the attenuation between vitreous sil-
ica and aSi, differences emerge. First, acoustic scattering in
aSi exhibits little temperature dependence. Although the au-
thors of Ref. [36] reported a T −2 dependence of the MFP, their
measurements may have been affected by extrinsic boundary
scattering as discussed above. In contrast, the scattering in
vitreous silica exhibits a strong temperature dependence as
observed in Fig. 4, highlighting the lack of anharmonic or
thermally-activated relaxation in aSi.

Other differences become clear on closer examination.
Comparing the LA MFPs at ∼1–2 THz, the attenuation due
to Rayleigh scattering is weaker in aSi by around a factor
of 5, expected as aSi is a monatomic glass with less atomic
disorder. Further, at room temperature the n = 4 trend yields
to a n = 1 trend at ∼700 GHz in vitreous silica while the
same transition occurs at ∼300–400 GHz in aSi. At cryo-
genic temperatures ∼1 K for vitreous silica, the transition
frequencies in both materials are comparable. This difference
again indicates weaker damping by anharmonic or thermally
activated relaxation in aSi and has an important consequence:
excitations with MFPs in the micron range occur at fre-
quencies of ∼200–1000 GHz in aSi versus � 100 GHz in
vitreous silica at room temperature owing to the steep n = 4
slope of Rayleigh scattering. The spectral heat capacity Cω =
h̄ωD(ω)(∂ fBE/∂T ) ∼ ω2 for h̄ω/kBT � 1, which is satisfied
in the sub-THz frequencies at room temperature. Therefore,
considering the different frequencies of micron-scale MFP ex-
citations in the two materials (ωSiO2 ∼ 100 GHz and ωaSi ∼ 1
THz), the heat carried by those in aSi is larger by a factor of
(ωaSi/ωSiO2 )2 ∼ 100. The result is that in aSi, heat-carrying
excitations at room temperature have micron-scale MFPs,
while the MFPs of excitations in the same frequency band for
vitreous silica are smaller by an order of magnitude. Excita-
tions in vitreous silica with micron-scale MFPs have too low
frequency to transport substantial heat at room temperature.
Remarkably, the scattering rates observed in aSi are of the
same order as those measured in vitreous silica at 1 K [14],
highlighting the unusually weak acoustic scattering in aSi.

IV. DISCUSSION

Our conclusions on the origin of weak scattering of sub-
THz excitations in aSi are consistent with these prior studies
of other glasses but not with the conclusions of numerical
studies of excitations below the IR frequency [33–35,56,57].
In these studies, the Hamiltonian for atoms in a supercell is
diagonalized in the harmonic approximation to yield normal
modes. The original studies of Allen and Feldman used these
normal modes to classify excitations in glasses as propagons,
diffusons, and locons depending on the properties of the
eigenvectors [52]. The lifetimes of these modes are obtained
using normal mode decomposition and molecular dynamics
[58,59]. With these approaches, these studies have generally
concluded that scattering in aSi varies as ω−2 for frequencies
around ∼2 THz and below. From this trend, the scatter-
ing mechanism has been postulated to involve anharmonicity
[34,35] and to exhibit a temperature dependence [33].

We first address the classification of acoustic excitations.
Various numerical [32–34] and experimental works [29] noted
a transition in the character of vibrations in aSi around
∼1–2 THz, leading to the introduction of “diffusons” as non-
propagating yet delocalized vibrations in Refs. [32,33]. In
contrast, our work attributes this transition to a change in
frequency-dependent MFPs of collective acoustic excitations.
The crossover from propagons and diffusons at ∼1–2 THz
coincides with the transition from Rayleigh scattering to the
Kittel regime in the present work and thus can be explained
without the definition of a new type of vibration. The IR
crossover for the transition from collective excitations to in-
coherent excitations, which occurs well above 1 to 2 THz in
amorphous Si, is sufficient to describe the different characters
of excitations in glasses.

The second discrepancy is the prediction by normal-mode
analysis of the frequency-dependence (n = 2) and anhar-
monic origin of scattering in the few THz frequency range.
Specifically, the MFPs predicted from normal mode analysis
are on the order of 10 to 20 nm at ∼1 THz and vary as
ω−2 (see Fig. 4(b) of Ref. [34]), which cannot explain the
measurements of the present work. In particular, extrapolating
the 20 nm value at 1 THz to 100 GHz as ω2 yields ∼2 μm,
which is smaller by a factor of 10 compared to the PSA
measurements at the same frequency (10 to 20 μm, Ref. [37]
and this work). Here, the discrepancy appears to arise from
the implicit assumption of the normal mode decomposition
that the heat-carrying excitations of glasses are the normal
modes of the supercell. This assumption is not compatible
with basic many-body physics and scattering theory, which
instead gives the proper definition and lifetime of a collective
excitation of a many-body system using the self-energy and
the single-particle Green’s function [60]. Rather than normal
modes, a physical picture of acoustic excitations of a glass that
is compatible with this framework is that originally postulated
by Kittel [61] in the continuum limit and later by Zeller and
Pohl [31], in which a glass is imagined to consist of a fictitious
atomic lattice along with perturbations representing the mass
and force constant disorder in the actual glass. The undamped
excitations of the fictitious atomic lattice acquire a lifetime
owing to the disorder of the actual glass. The dispersion and
lifetimes of these excitations can be measured experimentally
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using inelastic scattering, as has been performed for many
glasses in the past decades [8–13]. In contrast, the lifetimes of
normal modes do not appear to be experimentally accessible
or physically meaningful as they are unable to explain the
thermal conductivity measurements presented here.

V. CONCLUSION

In summary, we report measurements of the thermal con-
ductivity accumulation function of aSi and reconstruction of
the MFPs versus frequency using picosecond acoustics and
transient grating spectroscopy. The reconstructed MFPs lack
a temperature dependence and exhibit a trend characteristic of
structural scattering by point defects and density fluctuations.

This result is at variance with numerical studies based on nor-
mal mode analysis but is broadly consistent with prior studies
of vitreous silica and other glasses. The micron-scale MFPs
of heat-carrying excitations at room temperature are found
to arise from the weak anharmonic and thermally activated
relaxation damping of sub-THz excitations, leading to room
temperature scattering comparable to that of other glasses at
cryogenic temperatures.
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