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Our direct atomic simulations reveal that a thermally activated phonon mode involves a large
population of elastic wavepackets. These excitations are characterized by a wide distribution of
lifetimes and coherence times expressing particle- and wave-like natures. In agreement with direct
simulations, our theoretical derivation yields a generalized law for the decay of the phonon number
taking into account coherent effects. Before the conventional exponential decay due to phonon-
phonon scattering, this law introduces a delay proportional to the square of the coherence time. This
additional regime leads to a moderate increase in the relaxation times and thermal conductivity.
This work opens new horizons in the understanding of the origin and the treatment of thermal
phonons.

The legacy of transport physics establishes that ther-
mal phonons of a given mode can be understood as quasi-
particles having same lifetime and coherence time. Their
behaviors are modeled by Boltzmann transport theory
and the phonon-gas model [1, 2]. On the other hand,
phonons are defined in essence as vibrational waves. Ex-
perimental investigations [3–7] demonstrated that the
wave nature or the coherence of thermal phonons signif-
icantly contributes to thermal transport. For example,
Maire et al. [5] could tune thermal conduction by using
this coherence in silicon phononic crystals.

Previous studies also demonstrated that the particle-
and wave-like thermal phonons are coexisting at ele-
vated temperature [4, 8–10]. In epitaxial oxide super-
lattices, Ravichandran et al. [4] experimentally observed
this mechanism and the predominant behavior depends
on temperature and period. However, state-of-the-art
theories are failing in simultaneously capturing both wave
and particle pictures [1, 2, 11]. Alternative methods still
miss a direct representation of thermal phonon excita-
tions [12–15] which is the case when determining phonon
lifetimes from anharmonic lattice dynamics [16–18] and
in experimental measurements [19, 20].

In this letter, we track the real phonon dynamics and
extract temporal coherence times and lifetimes by using
the wavelet transform of the atomic trajectories during
an equilibrium molecular dynamic (MD) simulation. We
find that a thermally activated single phonon mode in-
volves a large distribution of excitations with a broad
range of coherence times and lifetimes. A theory is pro-
posed to establish the relationship between coherence
times and lifetimes, which reveals the unexpected impact
of long coherence times on phonon relaxation and ther-
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mal conductivity. These conclusions open new insights
on the reality of thermally activated phonon modes and
their intrinsinc wave-like and coherence behaviors.

Fourier transform has been widely used in phonon-
related analysis, since it provides the natural function ba-
sis of phonons in the form of monochromatic planewaves
e−i(ωt−k·r) [21, 22]. Here, ω and k are referring respec-
tively to the mode eigenfrequency and wave-vector, and
the planewave comprises temporal t and spatial r de-
pendences. While the amplitude of a single monochro-
matic planewave propagates, its energy defined as the
squared modulus of the amplitude can not. To propa-
gate energy, the extended planewave picture should be
upgraded to the one of a spatially and temporally local-
ized wavepacket [23]. In this context, Baker et al. [24]
and Shiomi et al. [25] proposed wavelet transforms to
investigate the propagation of phonon energy, in which
the functions of the basis take the form of a Gaussian
wavepacket. Modifying this wavelet transform approach
and focusing on the temporal information, the expression
of the normalized phonon wavelet basis is written as:

ψωks,t0,∆ks
(t) = π−

1
4 ∆
− 1

2

ks e
[iωks(t−t0)]e

[
− 1

2

(
t−t0
∆ks

)2
]
,(1)

where ωks is the angular frequency of mode ks, and
∆ks defines the wavepacket duration. t corresponds
to the time variable, and t0 to the position of high-
est amplitude in the wavepacket and also corresponds
to the time evolution in the wavelet space. Inside the
wavepacket, planewaves are in phase, the ∆ks term in
Eq. (1) is thus a measure of the temporal coherence
of thermal phonons. Here, we define the wavepacket
full-width at half-maximum (FWHM) as the coherence

time τ cks = 2
√

2ln2∆ks. This basis leads to the following
wavelet transform:
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FIG. 1. Evolution time and coherence time dependent phonon
number. (a) Schematic figure of a suspended single-layer
graphene. The domain of the graphene system is set to
Lx = Ly ≈ 100 nm. The convergence of the results with size
was carefully checked. (b) Phonon dispersion of single-layer
graphene along Γ(0, 0, 0) → M(0.5, 0, 0). The circles specify
the three analyzed modes: 0.05M ZA (ZA mode at the kpoint
of 0.05 × (0.5, 0, 0)), 0.3M TA and 0.5M LA. (c) Evolution
time (t0) and coherence time (τc) dependent phonon number
density of the 0.05M ZA mode at room temperature. The
right-hand side inset highlights the 17.5 - 20.0 ns interval of
Figure (c).

Λ (ωks, t0, τ
c
ks) =

∫
ψωks,t0,τcks

(t)F (t) dt, (2)

where F (t) denotes the time dependent dynamical
quantity, which is chosen as the phonon modal ve-
locity, 1

a

∑
b,l [u̇bl (t) · e∗b (k, s)× exp (ik ·R0l)], where

u̇bl (t) denotes the velocity of the bth atom in the lth
unit cell at time t, a the number of cells, e∗ (k, s) refers
to the complex conjugate of the eigenvector of mode ks,
and R0l is the equilibrium position of the lth unit cell.
As a control calculation, we validated the relevance of
wavelet transform to study phonon properties, i.e. eigen-
frequency, temporal coherence and creation/annihilation
of wavepackets (See Sec. I in [26]). We highlight that
the wavelet transform successfully provided the same re-
sults as those predicted by commonly used spectral en-
ergy density (SED) analysis [21, 27].

We use classical MD simulations to obtain the real
phonon dynamics in the graphene system shown in
Fig. 1(a) at elevated temperatures. The C-C inter-
action is modeled by the optimized Tersoff potential
[28]. All MD simulations are performed by implement-
ing the Graphics Processing Units Molecular Dynam-
ics (GPUMD) package [29] with a timestep of 0.35 fs.
To extract a reliable time dependent information, five
MD simulations with time duration of 25 ns were car-
ried out. From Eq. (2), the time dependent phonon
number at a given coherence time, here called phonon
number density, N (ωks, t0, τ

c
ks) can be calculated as

FIG. 2. Time-averaged phonon number density (TAPND)
as a function of coherence time. The density distribution is
calculated either with a Gaussian function basis (blue circles)
or with a sinus cardinal function one (red squares), for the
0.05M ZA mode at room temperature. The solid line is a
trend based on Hardy’s theory [30].

N (ωks, t0, τ
c
ks) = 1

2m |Λ (ωks, t0, τ
c
ks)|

2
/h̄ωks, where m

refers to the mass of the carbon atom and h̄ is the re-
duced Planck constant. Wavelet transformation finally
provides the mode energy distribution in evolution time
and in coherence time. The time dependent phonon num-
ber reads N (ωks, t0) =

∑
τc
ks
N (ωks, t0, τ

c
ks).

Fig. 1(c) reports the phonon number density
N (ωks, t0, τ

c
ks) derived from Eqs. (1) and (2) for

the 0.05M ZA mode. Dark areas indicate the absence
of phonon energy and brighter ones represent the
apparition of phonon wavepackets. While common
understanding stipulates a unique coherence time per
mode, we uncover a distribution of coherence times
instead. In addition, this distribution is varying with
time. The right-hand side inset of Fig. 1(c) displays a 2.5
ns time interval of the phonon number density history.
It turns out that phonon coherence times of the studied
mode cover two orders of magnitude. Sub-populations
manifest very long coherence (τ cks > 300 ps), i.e. a
wave-like feature, whereas other with shorter coherence
times (τ cks < 10 ps) can be assimilated to particle-like
excitations.

The wavepacket distribution can be further investi-
gated by building the time-averaged phonon number
density (TAPND) versus coherence time D (ωks, τ

c
ks) =

1
Nt0

∑
t0

N(ωks,t0,τ
c
ks)∑

τc
ks

N(ωks,t0,τcks)
, reported in Fig. 2, where Nt0

denotes the number of terms in the sum. Interest-
ingly, wavepackets follow an unimodal distribution as
a function of coherence time, indicating the predomi-
nance and the limits in duration of a sub-population cen-
tered at τ c ∼ 40 ps. The TAPND was not observed be-
fore, only its averaged on τ c obtained by other meth-
ods [8]. Previously, the founding work of Hardy [30]
mentioned that the TAPND of a given mode k should
be distributed along an ad hoc Gaussian function, i. e.

D (k, τ ck) = e−
1
4 |k−K|2υ2

gτ
c
k

2

, where K denotes the wave
vector of a mode interfering with mode k and υg corre-
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FIG. 3. Fitting of the phonon number density decay. (a)
Phonon number density correlation function C (t, τ c), versus
correlation time t for several coherence times τ c. The inset
shows the correlation function running over 4ns. (b) Fitting
of the MD correlation function (continuous lines) with the
conventional exponential decay theory (dashed dot lines) and
the theory of this work (dashed lines).

sponds to the group velocity of mode k. Hardy’s predic-
tion fairly agrees with our analysis in the long wavepacket
range as highlighted by Fig. 2. Disagreement appears in
the low coherence time region, presumably because co-
herence time has to be larger than mode period, which is
not taken into account by Hardy’s proposition. While a
full confirmation for all modes is unreachable, the similar
unimodal distribution of the TAPND is also observed for
other graphene modes as well as in bulk Silicon (See Sec.
V in [26]).

The autocorrelation of the fluctuations of the
phonon number density provides a basis for
comparison with the conventional description of
the phonon mode decay. The autocorrelation
function C (t, τ cks) is calculated as C (t, τ cks) =
〈∆N (t, τ cks) ∆N (0, τ cks)〉 / 〈∆N (0, τ cks) ∆N (0, τ cks)〉,
where ∆N(t0, τ

c
ks) = N (t0, τ

c
ks) − 〈N(t0, τ

c
ks)〉t0 . For

small coherence time wavepackets, a rapid decay to
zero is observed in Fig. 3(a) and as coherence time in-
creases, the correlation time does so. In the established
knowledge, phonon number decay should be described

by an exponential function, ∼ e−t/τ
l
ks , where τ lks is the

lifetime for mode ks, when the single-mode relaxation
time (SMRT) approximation [31] applies. Unfolding this
decay versus coherence times, the correlations C (t, τ cks)
clearly deviate from the exponential trend. This devia-
tion also intensifies with coherence time as illustrated by
Fig. 3(b). Those results evidence the failure of the SMRT
approximation in capturing wavepacket coherence. Note
that the effect of this latter differs from the influence of
collective mode coupling shown in graphene [32, 33] that
also invalidates SMRT but preserves the exponential
relaxation [32]. We propose a theoretical insight to
clarify why the phonon number density decay should in
fact include coherence effects.

Previously, Hardy [30] demonstrated that the har-
monic energy-flux operator S can be expressed as

S =
1

V

∑

ks

Nksh̄ωksυks, (3)

where V is the system volume and Nks refers to phonon
number. If we rewrite Eq. (3) in terms of the classical co-
ordinates and consider the fluctuation of phonon energy,
the time-dependent phonon number becomes

Nks(t) =
1

h̄

∑

k′

pks (t) q∗k′s (t) , (4)

where, pks (t) and qks (t) denote the time-dependent
normal mode momentum and displacement for mode
ks. ∗ indicates the conjugate form. Here, we ig-
nored the terms s 6= s′ that are rapidly oscillating
and yield negligible time average. Because of phonon-
phonon scattering, normal mode coordinate decays with
time [16], i.e. qks (t) = qks (0) e−Γkst−iωkst, where Γks

represents the mode linewidth. Accordingly, the time-
dependent momentum can be expressed as pks (t) =
pks (0) e−Γkst−iωkst. Consequently, the time evolution of
the phonon number is obtained as

Nks (t) =
∑

k′

ξkk′se
−γkk′st−i∆ωkk′st, (5)

where, ξkk′s = pks (0) q∗k′s (0) /h̄, γkk′s = Γks + Γk′s and
∆ωkk′s = ωks−ωk′s. It should be noted that the summa-
tion over k′,k 6= k′, can be understood as the interference
of planewaves defined by ks and k′s, which are forming
wavepackets. As indicated by Fig. 1(c), we can assume
that a single wavepacket appears at a given time. Con-
sidering that this wavepacket is resulting from its specific
and restricted frequency interval

[
ωks − Ωks

2 , ωks + Ωks

2

]

where density of states and linewidth are nearly constant,
a further step can be taken

Nks (t) ≈ ξ̄kse−γ̄kstḡ(ωks)

∫ +
Ωks

2

−Ωks
2

e−i∆ωkk′std∆ωkk′s, (6)

where ξ̄ks and γ̄ks correspond to the averaged properties
over the wavepacket frequency interval and ḡ(ωks) refers
to the density of states. Estimation of the integral in Eq.
(6) yields (see Sec. II in [26] for derivation)

Nks (t) = 2ξ̄ksḡ(ωks)e
−γ̄kst sinπΩkst

t
. (7)

This derivation indicates that at time t a phonon
wavepacket with properties γ̄ks and Ωks is contributing
to the phonon number Nks (t). Moreover, this phonon
wavepacket should take the form of a sinus cardinal func-
tion, which is close to the Gaussian function but with a
longer tail (See Fig. S2 in [26]). These two functions
indeed have the same form in the vicinity of the origin,
and the trends of TAPND coincide fairly well with each
other as reported in Fig. 2. To analytically investigate the
wave effect on phonon decay, the autocorrelation function
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FIG. 4. Lifetime and coherence time in graphene. (a) Fitted
lifetime and coherence time in graphene, and (b) ratio be-
tween lifetime and coherence time for modes 0.05M ZA, 0.3M
TA and 0.5M LA at room temperature. The green line in-
dicates the lifetimes = coherence times condition. Above the
line, phonons show particle-like nature properties with life-
times > coherence times. In contrast, below the line, phonons
have wave-like nature properties with lifetimes < coherence
times.

of the phonon number density can be further derived as
(see Sec. III in [26] for complete derivation)

C (t, τ cks) = e
− t

2τl
ks e
−4ln2 t2

τc
ks

2
, (8)

where, the two terms on right-hand side correspond
to the two distinct behaviors of thermal phonons, i.e.
particle-like and wave-like. The particle-like part remains
an exponentially decaying function, and the wave-like one
appears as a quadratic gaussian term. The autocorrela-
tion of Eq. (8) can be factorized into:

C (t, τ cks) = e
−4ln2

(t+τw)2

τc
ks

2
e
τw

4τl
ks , (9)

where τw = τ cks
2/
(
τ lks16ln2

)
evaluates the effect of coher-

ence on phonon decay. This latter equation reveals the
general form of a gaussian decay for the phonon num-
ber in which the very short time regime t � τw yields
strong correlation C (t, τ cks) ≈ 1 as seen in Fig. 3(a) (line
with τ cks = 1.239 ns, t < 0.5 ns), and intermediate times
t < τw lead back to the usual phonon-phonon scatter-

ing decay C (t, τ cks) = e−t/2τ
l
ks after Taylor expansion.

The longer time interval t > τw brings a gaussian decay

C (t, τ cks) = e−4ln2t2/τcks
2

eτw/4τ
l
ks . The first short time

regime is due to the build-up of the wavepacket and is
delaying the relaxation compared to the conventional ex-
ponential decay. From Eq. (8), we can simultaneously
obtain τ lks and τ cks for a given mode by fitting the auto-
correlations of Fig. 3. As shown in Fig. 3(b), the disagree-
ment between MD results and the exponential fitting is
larger compared to the one resulting from the predictions
of Eq. (8).

Fig. 4 shows the fitted lifetimes and coherence times
according to the proposed theory. Obviously, for short

wavepackets, i.e. small coherence times, phonons ex-
hibit prominent particle-like behaviors but with long life-
times. As coherence time increases, the time spread
of the phonon wavepackets becomes longer, with pro-
nounced wave behaviors as illustrated in Fig. 4(b). The
lifetime follows a non-monotonic dependence on coher-
ence time depicted in Fig. 4(a) with a transition point
around the coherence time of 0.45 ns. Larger phonon
wavepackets (τ cks > 0.45 ns) possess shorter lifetimes,
while a set of wavepackets at ∼ 0.45 ns survive on longer
periods. Note that phonons are almost monotonically
transiting from the particle-like nature to the wave-like
nature with increasing coherence time as shown by the
time ratio in Fig. 4(b). In addition, this transition is also
frequency dependent as low frequency phonons in the
0.05M ZA mode display wave-like behaviors at shorter
coherence times.

The influence of temperature on the wavepacket coher-
ence time and lifetime was also studied in Fig. 5. As tem-
perature increases, phonon-phonon scattering intensifies
and the particle nature of phonons, i.e. the contribution
of short coherence time wavepackets, becomes more ob-
vious. As reported in Fig. 5(a), this trend is evidenced by
a shift of the density peak to lower coherence times and
by the gradual suppression of long wavepackets. More-
over, the decrease of phonon lifetimes with temperature
can also be observed in the reduction of the times’ ratio
τ l/τ c with temperature.

The mean autocorrelation is calculated as∑
τc
ks
D (τ cks)C (t, τ cks), in which D (τ cks) is the TAPND

for mode ks and the autocorrelation C (t, τ cks) is cor-
rected by including coherent effects. By fitting the mean
autocorrelation with an exponentially decaying function,
the corrected lifetimes and thermal conductivities were
computed and compared to the non-corrected ones (See
Fig. S4). The corrected lifetimes are larger than the

FIG. 5. Temperature effect on the phonon number den-
sity. (a) Time-averaged phonon number density (TAPND)
D (ω, τc) versus coherence time τ c as a function of tempera-
ture for the 0.05M ZA mode. The arrows indicate the shift
of the peak towards lower τ c values and a higher density with
increasing temperature. (b) Times’ ratio τ l/τ c versus coher-
ence time τ c as a function of temperature for the 0.05M ZA
mode. The arrow indicates the shift of the ratio τ l/τ c towards
lower densities with temperature.
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ones obtained from the usual description especially for
low frequency phonons. And the coherence correction
at room temperature in thermal conductivity introduces
a deviation of 16.7 %, indicating that wavepacket time
spread plays a significant role on phonon transport but
was ignored before.

The wavelet transform calculations and the proposed
phonon decay theory (Eq. (8)) prove that a single ther-
mally activated phonon modes includes excitations with
a broad range of lifetimes and coherence times. The com-
monly used SMRT theory is based on a single phonon life-
time per mode and the assumption of exponential decay
to fit the phonon number autocorrelation function. This
letter proposes a step forward, by unfolding the phonon
number over the coherence times and rewriting the auto-
correlation function of this number as a combination of
coherence time dependent correlation functions.

Beyond the here investigated phonon propagation, the

wave-like behavior of phonons should also be critical in
the treatment of surface phonon scattering and propaga-
tion in nanostructures, superlattices and interfaces. Un-
covering here the unexpected content of thermal phonon
excitations leads to new perspectives in the understand-
ing of thermal coherence and the essence of a black body.
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I. VALIDATION OF WAVELET TRANSFORM

A benchmark is proposed to illustrate the reliability of the wavelet transform approach in the study of phonon
properties. Firstly, artificial wavepackets are generated with forms based on Eq. 1 of the main text. As shown in
Fig. S1(a), two artificial wavepackets are triggered at times 30 ps and 80 ps. Other parameters are set as 1 THz
eigenfrequency and 6 ps full-width at half-maximum (FWHM). Usually, the spectral energy density method is used
to study phonon properties, especially phonon lifetime and eigenfrequency [1]. The calculated times in SED, which
is always expressed as the reverse of the SED FWHM, is also the temporal spreading of the wavepacket and thus the
coherence times. By using the SED method, we precisely retrieve the same set of parameters than the ones of the
artificial wavepackets.

By varying frequency and performing the wavelet transform in Eqs. (1) and (2), Fig. S1(c) reports the frequency
versus evolution time for the artificial wavepackets. Obviously, we can accurately obtain the frequency, the creation
and annihilation times of wavepackets from the input information. On the other hand, by varying the coherence time
in Eq. 1 and performing the wavelet transform, we can extract the information of coherence time versus evolution
time. As shown in Fig. S1(c), the obtained mean coherence time agrees well with the initial set of parameters.
Moreover, the inset of Fig. S1(d) shows the TAPND as a function of coherence time. Firstly, the peak position at
∼ 6 ps agrees well with the set of coherence time in the artificial wavepackets. In addition, the broadening of this
peak of 3.9 ps is several order of magnitudes smaller than the studied coherence time of phonon wavepackets in
graphene, indicating a sufficient resolution in coherence time of the wavelet transform. Therefore it can be concluded
that the wavelet transform can precisely obtain the phonon properties, i.e. eigenfrequency, coherence time and also
wavepackets creation and annihilation dynamics, which agrees well with the commonly used SED method.

FIG. S1. Validation of the wavelet transform in the study of phonon properties. (a) Two artificial wavepackets generated
based on Eq. 1 with frequency 1 THz and full-width at half-maximum (FWHM) 6 ps, triggered at times 30 ps and 80 ps. (b)
Spectral energy density (SED) of the artificial wavepackets in (a). (c) Frequency versus evolution time obtained from wavelet
transform. (d) Coherence time versus evolution time obtained from wavelet transform. The inset of (d) is the time averaged
phonon number density (TAPND) versus coherence time. The color bar indicates the normalized phonon number density.
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II. HEAT FLUX AND TIME DEPENDENT PHONON NUMBER

In the following, we focus on the harmonic energy flux. Thus, the simplified energy-flux operator for mode ks is
defined as in Reference [2]

S = − 1

2V

∑

kk′,ss′

(
aks + a†−ks

)
×
(
ak′s′ − a†−k′s′

)
~ωksυks, (S1)

where, aks and a†ks respectively denote the phonon annihilation and creation operators. V is the volume of system,
and ωks and υks are the eigenfrequency and group velocity for mode ks.

The terms in Eq. (S1) with s 6= s′ contain contributions from modes with significantly different frequencies. Thus,
their interferences are rapidly oscillating and become negligible after time averaging, accordingly these terms will be
neglected. For the terms s = s′ and k 6= k′, the frequencies can be close and the resulting interferences can be kept
in the further steps. The corresponding classical version of Eq. (S1) reads

S =
1

V

∑

kk′,s

pksq
∗
k′sωksυks, (S2)

where pks and qks are the modal momentum and velocity for mode ks. They can be obtained as

P(xi) = N−1/2
∑

ks pksekse
ik·xi

Q(xi) = N−1/2
∑

ks q
∗
ksekse

ik·xi (S3)

here, P(xi) and Q(xi) are respectively momentum and position operators of the ith-particle. eks is the eigenvector
of mode ks, and N is the total number of particles.

When introducing the time dependence into the energy flux, this latter can be expressed as as a function of the
products of the modal momentum (pks (t)) and displacement (qk′s (t)) fluctuations,

S (t) =
1

V

∑

kk′,s

pks (t) q∗k′s (t)ωksυks. (S4)

Considering that the phonon population can be quantified by Nks, the harmonic heat flux reduces to

S =
1

V

∑

ks

Nks~ωksυks. (S5)

The time dependent phonon number quantity Nks(t) can be obtained as

Nks(t) =
1

~
∑

k′

pks (t) q∗k′s (t) . (S6)

On this basis, we can study the fluctuations of the phonon number Nks(t) from the dynamics of atomic motions.
Moreover, including phonon-phonon scattering in the decay of normal mode coordinates yields [3],

qk′s (t) = qk′s (0) e−Γk′st−iωk′st, (S7)

where Γk′s is the linewidth of the mode k′s corresponding to phonon-phonon scattering. The term e−iωk′st indicates
the monochromaticity of the eigenmode, while e−Γk′st term corresponds to the decay of the vibration amplitude. The
conjugate expression is defined as q∗k′s (t) = q∗k′s (0) e−Γk′st+iωk′st. This type of decay has been verified in inelastic
neutron scattering measurements.

Accordingly, we assume that the time dependent modal momentum is
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pks (t) = pks (0) e−Γkst−iωkst. (S8)

Consequently, the dynamic of the phonon number is obtained as

Nks (t) =
∑

k′

ξkk′se
−γkk′st−i∆ωkk′st, (S9)

where the variables in the above equation are ξkk′s = pks (0) q∗k′s (0) /~, γkk′s = Γks + Γk′s and ∆ωkk′s = ωks − ωk′s.
It should also be noted that the summation over k′s can be understood as the interference of k′s and ks planewaves.

During the phonon dynamics, the interference between different planewaves result in the generation of a phonon
wavepacket. In addition, we can assume that the frequency ωk′s of the interfering planewaves is in the range of[
ωks − Ωks

2 , ωks + Ωks

2

]
. Moreover, to shift from a discrete summation to a continuous one, we also introduce the

density of states for mode ωk′s, i.e. g(ωk′s). Accordingly, Eq. (S9) can be rewritten in the integral form as

Nks (t) ≈
∫ ωks+

Ωks
2

ωks−Ωks
2

ξkk′se
−γkk′st−i∆ωkk′stg(ωk′s)dωk′s. (S10)

On the other hand, because the interference occurs when planewaves frequencies are close to each other, ξkss′ and
γkss′ and g(ωk′s) do not change significantly. We can make a further step for Eq. (S10) as

Nks (t) ≈ ξ̄kse−γ̄kstḡ(ωks)

∫ +
Ωks

2

−Ωks
2

e−i∆ωkk′std∆ωkk′s, (S11)

where ξ̄ks, γ̄ks and ḡ(ωks) are respectively the averaged properties over one wavepacket. The above integration yields
a sinus cardinal (Sinc) function

Nks (t) = 2ξ̄kse
−γ̄kstḡ(ωks)

sinπΩkst

t
. (S12)

where the variables ξ̄ks, γ̄ks, ḡ(ωks) and Ωks are the specific properties of one type of wavepacket. The term e−γ̄kst

corresponds to the time decay of the phonon number, and the term sinπΩkst
t indicates the shape of the phonon

wavepacket. Compared to a gaussian shape, the sinus cardinal function has longer tails at the both ends, as shown
in Fig. S2. Note that the time reference t = 0 corresponds to the time of wavepacket maximum amplitude. This
reference will disappear when deriving the autocorrelation of the phonon number. Nevertheless, the two types of
wavepackets almost have the same main amplitude at the center. Most importantly, the Eq. (S12) also provides us
the information that at time t one wavepacket has emerged and is dynamically varying with the properties ξ̄ks, γ̄ks,
ḡ(ωks) and Ωks.

Because we consider the gaussian basis in our wavelet transform method and because the gaussian form will also be
more tractable in the following, we would like to approximate the sinus cardinal with a gaussian one. The principle
is to fit both FWHM which define the temporal coherence. The resulting approximation reads

Nks (t) ≈ 4πΩksξ̄ksḡ(ωks)e
−γ̄kste−4ln2·Ω2

kst
2

. (S13)

That is, at momemt t the phonon wavepacket with frequency ωks possesses inherent γ̄ks (∼ lifetime) and Ωks (∼
1/coherence time). Eq. (S13) models the apparition of a single wavepacket. As illustrated in Fig. 1(c), a single
wavepacket indeed appears at a given time. To generalize Eq. (S13) to include the description of all wavepackets, the
phonon number shall be rewritten as a sum over all wavepacket phonon numbers having each their own peak time t0.
However, this expression reduces back to Eq. (S13) at a given time.
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FIG. S2. The shape of phonon wavepacket. (a) The shape of the phonon wavepacket in the form of a Sinc function, e−iωt sinπΩt
πΩt

,

with ω=10 THz and Ω=1 THz. (b) The shape of the phonon wavepacket in the form of a Gaussian function, e−iωte−AΩ2t2 ,
with ω=10 THz and Ω=1 THz. The parameter A is set as to 1.96 to make the Sinc and Gaussian functions have equal FWHM.

III. PHONON DECAY

As was discussed in the main text, the phonon dynamics can be investigated on the basis of the time-autocorrelation
of the phonon number. Starting from the Eq. (S13), the autocorrelation function of the phonon wavepacket defined
by the physical quantities (γ̄ks,Ωks) is

〈Nks (t)Nks (0)〉 = (4πΩksξ̄ksḡ(ωks))
2 〈ρks (t) ρks (0)〉 , (S14)

where, ρks (t) = e−γ̄kst−4ln2·Ω2
kst

2

. After several derivation steps, the normalized autocorrelation function can be
obtained as

〈Nks (t)Nks (0)〉
〈Nks (0)Nks (0)〉 =

〈ρks (t) ρks (0)〉
〈ρks (0) ρks (0)〉 = e−

b
2 t

2
(

1−
√

1− e−B2
)
, (S15)

in which B =
√

b
2

(
t+ a

b

)
, a = γ̄ks and b = 4ln2 · Ω2

ks. We use the following series expansion to simplify the above

equation

1−
√

1− e−B2 ≈ 1

2
e−B

2 − 1

8
e−2B2

+
1

16
e−3B2 − 5

128
e−4B2

. (S16)

We now limit the expansion to the first order with 1−
√

1− e−B2 ≈ 1
2e
−B2

by considering that B > 1 in which the
first order expansion is accurate. Thus, the normalized autocorrelation function is simplified as

〈Nks (t)Nks (0)〉
〈Nks (0)Nks (0)〉 ≈ e

− b2 t2e−B
2

= e−γ̄kste−4ln2·Ω2
kst

2

. (S17)

Previously, it has been demonstrated that the linewidths γ̄ks for mode ks is related to the lifetime τ lks, with the
relationship

τ lks =
1

2γ̄ks
. (S18)

In this work, we define τ cks as the FWHM of the wavepacket. Therefore, by redefining the term e−4ln2·Ω2
kst

2

, Eq.
(S17) can be rewritten as



6

〈Nks (t)Nks (0)〉
〈Nks (0)Nks (0)〉 = e

− t

2τl
ks e
−4ln2 t2

τc
ks

2
. (S19)

In the above equation the exponential part, e
− t

2τl
ks , results from phonon-phonon scattering. On the contrary,

the gaussian part, e
−4ln2 t2

τc
ks

2
, corresponds to the effect of planewave interferences and the formation of wavepackets

with a finite duration. Considering the unfolding of phonon number, the autocorrelation function for mode ks along
coherence time τ cks, C (t, τ cks), can be inferred as

C (t, τ cks) = e
− t

2τl
ks e
−4ln2 t2

τc
ks

2
. (S20)

IV. LIFETIMES AND THERMAL CONDUCTIVITIES

A. Lifetimes

The lifetimes of different modes can be obtained by fitting the autocorrelation function of the phonon energy or of
mode velocities. With the MD modal velocities, the normalized autocorrelation function for mode ks is obtained as

C ′ (t) =
〈υks(t)υ∗ks(0)〉
〈υks(0)υ∗ks(0)〉 , (S21)

υks(t) refers to the time dependent mode velocity for mode ks. Previous references showed that this autocorrelation

function can refers to the exponential decay with lifetime τ lks
′
,

C ′ (t) = e−iωkste
− t

τl
ks

′
. (S22)

In this equation, the phonon decay is only considering the phonon-phonon scattering. However, in this work, we
find that the phonon decay, i.e. the autocorrelation function, is further coherence. Here, we would like to correct the
autocorrelation function by averaging the coherence time dependent autocorrelation functions. By applying the same
exponential fitting, we can obtain the lifetime of the corrected autocorrelation function defined as

∑

τcks

D (τ cks)C (t, τ cks) = e
− t

τl
ks . (S23)

By fitting the corrected phonon decay function, the obtained τ lks time is also corrected by including coherence effects.
The comparison between the corrected and the non-corrected lifetimes is shown in Fig. S3(a). By including coherence,
phonon decay to equilibrium becomes slower, especially at low frequencies.

B. Thermal Conductivity

Using the single-mode relaxation time approximation to solve the Boltzmann transport equation, the thermal
conductivity can be expressed as

κ =
∑

ks

κks =
∑

ks

Cv,ksυ
2
ksτ

l
ks, (S24)

where the constant volume heat capacity Cv,ks for mode ks can be calculated from kb

(
~ω
kbT

)2
e

~ω
kbT(

e
~ω
kbT −1

)2 , and υks is the

group velocity. These phonon infromation are obtained from phonon dispersion based on Lattice Dynamic calculations.
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FIG. S3. (Color online) The room temperature lifetimes and thermal conductivities in graphene. (a) Room temperature
lifetimes of graphene from the fitting of usual autocorrelation function (Eq. (S22)) and corrected autocorrelation function (Eq.
(S23)), respectively. (b) Accumulative room temperature thermal conductivities for graphene based on Eq. (S24).

Thermal conductivities are calculated with corrected and non-corrected lifetimes. As shown in Fig. S3(b), the room
temperature thermal conductivity with the non-corrected lifetimes is 521.46 Wm−1K−1. This value is lower than the
experimental measurement due to the absence of terms from collective interactions, but close to the reported values
calculated in the same conditions [4]. Moreover, when including the coherence term, the corrected thermal conductivity
reaches 609.42 Wm−1K−1, indicating that the wave nature plays a significant role in the phonon transport even at
room temperature.
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V. OBSERVATIONS IN SILICON

FIG. S4. Wavelet transform results in silicon at room temperature. (a) Evolution time (t0) and coherence time (τc) dependent
phonon number density for the 0.05M TA mode of Silicon at room temperature. (b) Time-averaged phonon number density
(TAPND) as a function of coherence time for the 0.05M TA mode at room temperature.
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