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Characteristics of distinct thermal transport behaviors in single-layer and multilayer graphene
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As a crucial signature of hydrodynamic phonon transport, second sound is currently raising research attention
in the field of non-Fourier heat conduction. In this work, through molecular dynamics simulations, the fundamen-
tal characteristics of second sound are explored from a transient heat conduction modeling in the single-layer
and multilayer graphene and graphite. Our simulation results demonstrate that second sound can carry more
heat energy and maintain for a longer lifetime than that of the ballistic pulse. The underlying mechanisms are
carefully discussed from the modal energy analysis. In addition, we also unveil that the thickness in multilayer
graphene and graphite significantly suppresses the propagation of second sound due to the enhanced weight of
umklapp scattering. The effects of excitation temperature and ambient temperature on the second sound are also
studied. Our simulation results reveal that the second sound in single-layer graphene can persist up to 110 K.
This work provides valuable insight into the basic characteristics of second sound, which should be critical in
the understanding of hydrodynamic phonon transport and thermal physics in graphene and its derivatives.
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I. INTRODUCTION

Hydrodynamic phonon transport [1–3] is one of the unique
thermal transport behaviors beyond the well-established
ballistic and diffusive transport pictures [4–6]. In the hydro-
dynamic regime, phonons propagate in the form of collective
phonon drift motion due to the dominance of the momentum-
conserving normal (N) process in the phonon-phonon scat-
tering processes [1–3,7–10]. Hydrodynamic phonon transport
is associated with diverse thermal transport phenomena, such
as the second sound [7,11–15], Poiseuille flow [8,11,16], and
phonon Knudsen minimum [17,18]. Second sound is a crucial
signature of phonon hydrodynamics, in which heat propagates
in a wavelike form, exhibiting the non-Fourier heat conduc-
tion behavior [9,12,19].

Previously, second sound has been merely observed in
three-dimensional systems at ultralow temperatures [20–26],
such as in superfluid 3He at 0.42–0.58 K [23], in Bi at
1.2–4.0 K [24], and in NaF at 11–14.5 K [25,26]. Because
the unique flexural acoustic (ZA) modes in two-dimensional
(2D) systems could result in the pronounced N process,
recent advances [8,10] showed that more intriguing perfor-
mances of phonon hydrodynamics, including second sound
and Poiseuille flow, emerged in 2D materials and their deriva-
tives, in which graphene and graphite are the most ideal
platforms [27–29]. For instance, Huberman et al. [10] ex-
perimentally observed second sound in graphite thin film
above 100 K through a time-resolved optical measurement.
Ding et al. [19] further reported that the temperature window
of second sound in graphite can reach as high as 200 K.
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However, the fundamental characteristics of second sound
remain elusive in these experimental studies. In addition,
Machida et al. [30] experimentally found that the thickness
has a significant effect on hydrodynamic phonon transport
and thermal conductivity of graphite thin film, in which the
ZA phonons are believed to be responsible. However, the
fundamental relation between ZA phonons and the char-
acteristics of phonon hydrodynamics (e.g., second sound)
requires further investigation, especially for the thickness
effect.

Based on the phonon Boltzmann transport equation (BTE),
second sound has been widely investigated from various
relevant parameters [2,7–9,13–15], including the drifting
component [2,9], propagation length [9], propagation speed
[7,8,13], and temperature window [8]. On the other hand,
classical molecular dynamics (MD) simulation is capable of
modeling the transient propagation process of second sound
via the real-space physical quantities [31–34], although it fails
in considering the quantum effect. For instance, Yao and Cao
[34] studied the propagation of ballistic and second sound
pulses in the single-layer graphene ribbons based on MD
simulations. However, the speed of second sound reported
in their work is quite different from other studies [3,7,8,13].
Besides, they found that second sound is dominated by the
transverse acoustic (TA) phonons [34], contrary to the widely
accepted role of ZA phonons [3,35]. These contradictions
between literature studies make the physics of second sound
remain elusive. Moreover, the propagation of heat energy in
the form of second sound is still puzzling, especially at a
modal level of understanding, in contrast to the well-known
ballistic and diffusive transport.

In this work, we characterize the properties of second
sound in single-layer and multilayer graphene and graphite
from a transient heat conduction modelling through MD
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simulations. The propagations of ballistic pulse, second
sound, and diffusive phonons are systematically studied in
terms of modal analysis and decaying characteristics. Then,
we investigate the dependence of second sound on the thick-
ness in multilayer graphene, which is further explained by
the variation of ZA phonons and weight of umklapp (U)
scattering. Finally, the impacts of excitation temperature and
ambient temperature on the second sound are also investi-
gated. This work provides fundamental understandings on
the physics for the second sound phenomenon in graphene
systems and its derivatives.

The rest of this paper is organized as following: Section II
describes the details of MD simulations and the calculations
of phonon modal energy. Then, we discuss the main results in
Sec. III. The modal analysis and decay processes of ballistic
pulse, second sound, and diffusive phonons are studied in
Secs. III A and III B, respectively. The dependence of second
sound on the thickness is discussed in Sec. III C. The effects
of the excitation temperature and the ambient temperature
are presented in Sec. III D. Finally, we conclude this work in
Sec. IV.

II. METHODS

A. MD simulations

All MD simulations are performed with the LAMMPS pack-
age [36]. Compared to previous BTE studies [2,8], MD
simulations can more intuitively simulate the dynamic propa-
gation process of phonons. Graphene based systems are ideal
platforms to explore hydrodynamic phonon transport because
of the intrinsically pronounced N phonon-phonon scattering
from ZA phonons [37–39]. The simulation systems consid-
ered in this work include single-layer and multilayer graphene
and graphite. The intralayer atomic interaction between C-C
bonds in these graphene systems is described by the opti-
mized Tersoff potential [40]. In addition, the interlayer van
der Waals interaction is described by Lennard-Jones poten-
tial V (ri j ) = 4ε[(σi j/ri j )12 − (σi j/ri j )6] with the optimized
parameters taken from Ref. [41]. These empirical potentials
have been shown to reliably describe the thermal trans-
port properties of graphene and its derivatives [4,38,42–45].
Moreover, previous studies [14,46] have shown that the high-
frequency optical branches have a negligible contribution
in phonon hydrodynamics, as the second sound only ap-
pears at low temperatures and is dominated by low-frequency
phonons. Therefore, the accurate description of acoustic
phonons by these empirical potentials can provide reliable
simulations of the second sound. The periodic boundary
conditions are applied to all directions, and the time step
is set as 0.5 fs. To eliminate the artificial cross-boundary
interaction along the vertical direction, a vacuum layer of
20 Å in thickness is added to the out-of-plane direction
in the simulation domains of single-layer and multilayer
graphene.

Figure 1(a) shows the simulation setup for the transient
heat conduction process in single-layer graphene. To clearly
simulate the propagation of heat pulse in a large spatial and
temporal scale, we set the sample length to 1 µm, which
is sufficient to obtain the length-independent temperature
distribution in single-layer graphene (see Fig. S1 of the

FIG. 1. (a) The simulation setup of transient heat conduction
process in single-layer graphene. A high-temperature thermal ex-
citation is applied to the central region, leading to the heat flux
propagation towards two sides. The length direction is along the heat
flux, while the width direction is perpendicular to the heat flux. (b)
Temperature distribution of single-layer graphene along the length
direction at 5, 10, 15, 20 ps. Here, the length is 1 µm, Tamb = 20 K
and Texc = 4000 K. The symbols I and II in (b) denote the ballistic
pulse and second sound, respectively.

Supplemental Material [47]). Meanwhile, the width of the
samples is 9 nm, which is large enough to suppress the width
effect with the use of the periodic boundary condition. For
the multilayer graphene and graphite, the interlayer distance
is initially set as 0.34 nm. In our MD simulations, we first
thermalize the whole system with the canonical ensemble at
ambient temperature Tamb of 20 K for 250 ps to reach thermal
equilibrium. Then, we apply thermal excitation at the central
region [see Fig. 1(a)] via the velocity rescaling method [48,49]
to increase the local temperature to the excitation temperature
Texc of 4000 K within 0.5 ps, and further maintain at Texc for
another 0.5 ps. After this instantaneous thermal excitation,
all thermostats are withdrawn in order to simulate the tran-
sient propagation process of heat pulse in the microcanonical
ensemble. Such a procedure has been widely used in previ-
ous studies to simulate the transient heat conduction process
[31–34]. Finally, we collect the temperature data in each local
slab with a thickness of 5 Å along the length direction. The
local temperature at transient time t0 is calculated according
to the averaged kinetic energy of atoms in each slab as

T (t0) = 1

3NSkB

∑
i

mivi(t0) · vi(t0), (1)

where NS is the number of atoms in the slab, kB is the
Boltzmann constant, and m and v are the mass and the veloc-
ity vector of each atom. Since the transient heat conduction
process is symmetric with respect to the central region [see
Fig. 1(a)], only the simulation results on one side are dis-
cussed in the following part.
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B. Phonon modal energy

To understand the underlying physical origin of second
sound, we calculate the phonon modal energy for each mode
λ at an instantaneous time t0 according to [50]

Eλ(t0) = Q̇∗
λ(t0)Q̇λ(t0), (2)

where λ represents a given phonon mode (k, s), with k denot-
ing the phonon wave vector and s denoting the branch index.
The normal mode amplitude Qλ(t0) is obtained by the Fourier
transform of the atomic displacement, and its time derivative
Q̇λ(t0) is defined as [50]

Q̇λ(t0) = 1√
Nc

Nc, n∑
l, b

√
mb exp (−ik · rl,b)e∗

b,λ · u̇l,b;t0 . (3)

Here, Nc and n are the total number of the unit cells and
the number of atoms in a unit cell, mb is the mass of the bth
basis atom, rl,b is the equilibrium position of the bth basis
atom in the lth unit cell, e∗

b,λ denotes the complex conjugate
of the phonon eigenvector component at the bth basis atom for
the mode λ, and u̇l,b,t0 is the velocity vector of the bth basis
atom in the lth unit cell at a given time t0. The eigenvector
eb,λ and eigenfrequency ω can be obtained in the calculation
of phonon dispersion by GULP [51]. For each phonon mode (k,
s), we compute its modal energy according to Eqs. (2) and (3),
and then project this modal energy onto the phonon dispersion
relation. This modal energy method has been widely used to
analyze the underlying phonon properties [52–54].

III. RESULTS AND DISCUSSION

A. Modal analysis

The transient temperature distribution in Fig. 1(b) shows
that two obvious peaks, marked by I and II, are carrying
a large amount of heat energy in the single-layer graphene.
Interestingly, these two peaks exhibit a distinct peak area and
decay rate over time (see the detailed discussion in Sec. III B).
In order to identify the nature of peaks I and II, we first
calculate the velocity of these two peaks by tracking their
positions versus time.

The propagation speed of peak I calculated from MD
simulation is 18.7 km/s. Meanwhile, we calculate the group
velocities of TA and longitudinal acoustic (LA) phonons near
the � point (sound velocities) from the phonon dispersion
relation, and obtain the sound velocities as 15.0 and 21.9 km/s
for TA and LA phonons, respectively. Our calculation results
are consistent with the results (13.6 km/s for TA and 21.3 km/s
for LA) reported by Luo et al. [7]. Therefore, the propagation
speed of peak I (18.7 km/s) falls between the sound velocities
of TA and LA phonons, indicating the ballistic nature of the
peak I. This conclusion is further supported by the reasonably
good agreement between the propagation speed of peak I and
the propagation speed of ballistic pulse recorded in literature
studies [7,34], as listed in Table I. The small difference might
be caused by the different ambient temperature Tamb and inter-
action potentials used in the simulations.

The propagation speed of peak II calculated from MD
simulation is 3.8 km/s, which is much slower than that of peak
I. In addition, we also analytically calculate the second sound

TABLE I. Propagation speed of the ballistic pulse and second
sound in the single-layer graphene. The bracket in the last column
indicates the nature of phonon statistics used in the calculation.

Tamb Ballistic pulse Second sound
(K) (km/s) (km/s) Source

20 18.7 3.8 This work (classical)
25 Not available 2.1 Lee et al. [8] (quantum)
30 13.6/21.3 2.0 Luo et al. [7] (quantum)
50 Not available 5.0 Shang et al. [13] (quantum)
50 14.3 9.3 Yao and Cao [34] (classical)

velocity vII in the transport direction (x direction) according
to the theory described in Refs. [19,55] as

vII =

√√√√√
(∑ Ckkxvx

ωk

)2

∑ Ckk2
x

ω2
k

∑
Ck

, (4)

where Ck , kx, vx, and ωk are the mode heat capacity, wave vec-
tor, group velocity, and frequency, respectively. All phonon
modes are considered in the summation in Eq. (4). To ensure
the consistency with our MD simulation results, we predict the
velocity of the second sound from Eq. (4) based on classical
statistics (Ck = kB), where all the phonon modes are equally
excited [56]. The prediction result from Eq. (4) is 3.7 km/s,
which agrees very well with the measured propagation speed
of peak II in our MD simulations (3.8 km/s). Such agreement
confirms that peak II has the nature of the second sound.
Therefore, these two peaks in Fig. 1(b) correspond to the bal-
listic pulse (peak I) and second sound (peak II), respectively,
which is consistent with previous studies [7,31,34].

Table I compares the values of second sound from our
study and literature results [7,8,13,34]. The quadratic phonon
dispersion of ZA causes the group velocity to be frequency
dependent as well as the ambient temperatures [8], which
would further result in the temperature-dependent propagation
speed of second sound due to the quantum statistics. As a
result, the results in Table I reveals that the classical statistics
in our MD simulation tends to overestimate the velocity of
the second sound, compared to the literature results. More
detailed discussions on the temperature effect of the second
sound velocity can be found in Sec. III D. In addition, the
sample size and simulation time should be sufficient to ensure
the occurrence of N scattering, as demonstrated by previous
studies [8,10], which might be responsible for the discrepancy
between our simulation result and previous MD simulation
result [34].

To provide physical insights to the transport behavior be-
hind these two peaks and also the nonpeak region from a
modal level, we independently project the phonon modal en-
ergy in each local region as shown in Fig. 2(a), where two
peaks and a typical nonpeak region emerge, into the full
phonon dispersion along the high symmetric path �-M-K-�.
Here, the total number of the unit cells Nc in these three
regions are sufficiently large to ensure the convergence. To
track the modal results over the whole heat flux propagation
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FIG. 2. (a) Schematic figure of the sampling areas (dashed box) for the ballistic pulse, second sound, and diffusive region at 10 ps. Panels
(b)–(d) show the normalized modal energy projected into the phonon dispersion of single-layer graphene for (b) ballistic pulse, (c) second
sound, and (d) diffusive region. The colors in (b)–(d) represent the magnitude of modal energy.

process, we normalize the phonon modal energy for 350 in-
stantaneous snapshots during 2–26 ps, and then average for
each type of regions (two peak regions and a nonpeak region)
among different time snapshots to obtain the final phonon
modal energy, as shown in Figs. 2(b)–2(d).

Figure 2(b) shows that the averaged modal energy for peak
I is dominated by the in-plane mode, i.e., TA and LA modes.
Furthermore, the TA phonons have a larger contribution to the
ballistic pulse compared to the LA phonons (see, for instance,
in the �K direction).

Next, we discuss the modal origin for peak II. As shown
in Fig. 2(c), the out-of-plane ZA mode makes a dominant
contribution to the modal energy compared to the in-plane TA
and LA modes, which reveals that the ZA phonon is the origin
for peak II. Therefore, the predominance of the ZA phonon
demonstrates the second sound nature of this pulse, consistent
with the findings from other studies [8,13,15]. Figure 2(c) also
shows that the modal energy in each branch is nearly constant
for various frequencies and wave vectors, indicating the ro-
bustness of phonon hydrodynamics and the dominant role of
ZA phonons for second sound over the full Brillion zone. This
result demonstrates the fact that the emergence of ZA phonon
is a critical signature of hydrodynamic phonon transport as
reported in diverse 2D materials [8,13,15], graphite [19], and
flexible polymer crystalline [2].

The nonpeak region is investigated from the phonon modal
energy analysis in Fig. 2(d). In this region, all phonon modes
with different frequencies and wave vectors have a similar
contribution to modal energy, indicating the participation of
all phonon polarizations in this nonpeak region. As discussed
above, the ballistic transport and second sound are con-
tributed by in-plane and out-of-plane phonons, respectively. In

contrast, the even contribution among different phonon polar-
izations reveals the diffusive transport nature in the nonpeak
region [31,34].

B. Temperature decay

Different from the diffusive nonpeak region, two peaks of
ballistic pulse and second sound propagate with a notable
velocity. As gradually dissipating to the environment with
ambient temperature Tamb, these two peaks are converted to
the diffusive transport with a slow propagation velocity. The
decay process of second sound should contain many trans-
port physics as previously discussed for the ballistic transport
[3,4]. Therefore, we further conduct a parametric study on the
decay process of ballistic pulse and second sound in terms
of the peak area A and maximum width W, as denoted in the
inset of Fig. 3(a). Figure 3(a) shows that the area of second
sound peak (Asec) is larger than that of ballistic pulse (Abal ),
indicating that second sound can carry a larger amount of
heat energy than ballistic component during thermal transport.
Such phenomenon has also been found in the single-wall
carbon nanotube [31], where the energy carried by second
sound is much larger than that of the ballistic twisted mode
and longitudinal acoustic mode.

Figure 3(a) further depicts that the ballistic pulse decays
to zero at 26 ps, while the second sound is preserved for a
long time with a slower decay rate. Compared to the fast dis-
sipation of ballistic pulse, the long duration of second sound
indicates its low dissipation rate. The maximum width of the
peak is also investigated as another signature of dissipation
rate for different transport behaviors. Figure 3(b) displays
that the maximum width of ballistic pulse (circles) increases
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FIG. 3. (a) The area of peaks for ballistic pulse and second sound versus time. The inset labels the definition of peak parameters at t = 10 ps.
(b) The maximum width of peaks for ballistic pulse and second sound versus time.

much faster with time than that of second sound (squares),
indicating a longer lifetime of second sound.

Obviously, the low dissipation rate of second sound would
promote the heat transport in the hydrodynamic regime. In
addition, it can also support the concept that the predominant
momentum-conserving N scattering does not dissipate heat
resistively, but can cause the phonon hydrodynamics which
can propagate heat more effectively. This feature suggests
that the second sound, which carries a large amount of heat,
stabilizes for a long time and dissipates at a low rate, holds
great potential for the heat dissipation and management appli-
cations in the hydrodynamic phonon transport regime.

C. Thickness dependence

The above studies have shown the importance of ZA
phonons to second sound and thermal transport in the

single-layer graphene. Meanwhile, previous studies [57,58]
reported that with increasing number of graphene layers (N),
thermal conductivity decreases, due to the fact that the inter-
layer interactions suppress the contribution from ZA phonons
[57]. A recent experiment [30] also revealed that the thick-
ness dependent thermal conductivity is associated with the
variation of hydrodynamic phonon transport. To explore the
thickness dependent phonon hydrodynamics, we further in-
vestigate the propagation of second sound and its phonon
modal analysis in the multilayer graphene (N > 1) and
graphite.

As shown in Fig. 4(a), the peak of second sound still pre-
serves in the multilayer graphene and graphite, which is also
dominated by ZA phonons in multilayer graphene [Figs. 4(c)
and 4(d)]. Although the height of second sound peak in
graphite becomes tiny [see the inset of Fig. 4(a)], the actual

FIG. 4. (a) Thickness dependent transient heat conduction simulation in single-layer graphene (N = 1), multilayer graphene (N=2, 6),
and graphite at 2 ps. The inset in (a) zooms in for the case of graphite. (b) Velocities of ballistic pulse and second sound versus the layer
number. Panels (c) and (d) show the normalized modal energy of second sound projected into the phonon dispersion of multilayer graphene
for (c) N=2 and (d) N=6. The colors in (c) and (d) represent the magnitude of normalized modal energy.
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contribution of second sound to thermal transport might not
be negligible. The recent experiments [10,19] reported that the
temperature window of second sound in graphite can reach up
to 100 or even 200 K. Furthermore, the propagation velocities
of second sound and ballistic pulse are compared in Fig. 4(b).
When the thickness increases, the velocity of the ballistic
pulse (solid pillar) is almost constant, while the velocity of
the second sound (dashed pillar) is suppressed notably. The
lower speed of second sound would lead to the faster dissi-
pation of hydrodynamic phonons to the environment, which
further causes the suppressed second sound and consequently
a reduced thermal conductivity with increasing thickness.

One remarkable feature exhibited in Fig. 4(b) is that when
the layer number changes from N = 1 to 2, the impact on
the velocity of second sound is more significant compared
to the case for multilayer graphene (N > 2). A similar feature
is also observed in Fig. 4(a) that the energy carried by the
peak of second sound, i.e., height of the peak, is reduced more
substantially for the transition from N = 1 to 2, compared to
the multilayer case (N > 2).

Different from the peak of second sound, the ballistic pulse
shows a negligible thickness dependence [see Fig. 4(a) and
solid pillar in Fig. 4(b)]. As we discussed before, the ballistic
transport is dominated by the in-plane TA and LA modes.
The layer stacking along out-of-plane direction has limited
impact on the in-plane modes due to the weak interlayer van
der Waals interaction, leading to the thickness independent
propagation speed of the ballistic pulse.

To explore the origin for the observed layer dependence
behavior of second sound, we compare the mode level phonon
scattering rate with the same force field used in MD simu-
lation. Here, we generate the force constants in GULP [51]
and then calculate three-phonon scattering rates with the
SHENGBTE package [59] for both the momentum-conserving
N scattering and the momentum nonconserving U scattering,
in which the Bose-Einstein distribution is used in the calcula-
tion.

The computed phonon scattering rates �N and �U at the
ambient temperature of 20 K for N = 1, 2, 6 are shown
in Figs. 5(a) and 5(b), respectively. When the layer number
increases from N = 1 to 2, the introduction of interlayer in-
teraction leads to the enhancement of both �N and �U, and
such enhancement is particularly strong for the ZA phonon
[empty symbols in Figs. 5(a) and 5(b)]. This is because those
phonon-phonon scatterings involving an odd number of ZA
modes are forbidden in single-layer graphene due to the selec-
tion rule induced by the mirror reflection symmetry [38,39],
which has also been found to play an important factor in
determining thermal transport in other 2D materials [60,61].
As N turns to 2, such selection rule is broken due to the
AB stacking in bilayer graphene, which can significantly in-
crease the scattering rate for the ZA phonon [see Figs. 5(a)
and 5(b)]. The low-frequency optical modes [see Fig. 4(c)]
induced by the interlayer interactions can also enhance the U
scatterings [30,62,63]. Moreover, compared to the quadratic
dispersion of ZA phonon in single-layer graphene, previous
studies [64,65] found that the linearization of the ZA branch
at very small wave vector k would also enhance the weight of
U scattering. This point is also witnessed in Fig. 5(b) that �U

for the zone-center ZA phonon is substantially enhanced by

FIG. 5. The frequency-resolved scattering rates for (a) normal
scattering �N and (b) umklapp scattering �U at the ambient temper-
ature Tamb = 20 K in single-layer graphene (N = 1) and multilayer
graphene (N=2, 6). (c) The ratio between the ensemble-averaged
normal scattering rate �̄N and umklapp scattering rate �̄U for differ-
ent layer numbers.

more than ten orders of magnitude in our calculations when
N increases from 1 to 2, and the enhancement ratio of �U

is much larger than that of �N [Fig. 5(a)]. When N further
increases from 2 to 6, enhancement of the scattering rate
is also observed, particularly for U scattering. These results
suggest that although the introduction of interlayer interaction
results in the enhancement of both �N and �U, the impact on
U scattering is more significant than that on N scattering.

As discussed in Sec. III A, ignoring the quantum effect can
affect the absolute value of the second sound velocity, espe-
cially at low temperature. In order to more accurately explain
the underlying mechanism on the impact of layer number at
low temperature, we use quantum statistics to compute the
ensemble-averaged scattering rate as [9,66]

�̄i =
∑

CQ
k · �k, i∑
CQ

k

, (5)
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FIG. 6. (a) Transient heat conduction simulation at 2 ps in single-layer graphene with varying Texc. Here Tamb is fixed at 20 K. The vertical
dashed lines are used to label the position of the ballistic pulse and second sound. (b) Transient heat conduction simulation at 2 ps in single-layer
graphene with varying Tamb. Here Texc is fixed at 4000 K.

where CQ
k is the quantum specific heat given by CQ

k =
n0[n0 + 1] (h̄ωk )2/(kBT 2), and the summation includes all
phonon modes. Here n0 denotes the equilibrium Bose-Einstein
distribution function, and i represents N scattering or U scat-
tering.

Figure 5(c) shows the ratio of �̄N/�̄U which evaluates
the relative importance of N scattering over U scattering.
In the single-layer graphene, this ratio is 19.07, which sug-
gests the predominance of N scattering. If we only consider
those three-phonon processes involving ZA phonons and re-
peat the calculation, the ratio of �̄ZA

N /�̄ZA
U can reach 1210.13,

highlighting the importance of ZA phonons in the hydrody-
namic phonon transport. This result is also consistent with
the modal energy analysis in Fig. 2(c), which reveals that
peak II is mainly contributed by ZA phonons. As the strong
N scattering involving ZA modes is demonstrated as the ori-
gin of the second sound and phonon hydrodynamics, peak
II should be dominated by the second sound. In the case
of bilayer graphene, the ratio of �̄N/�̄U drops to 1.73, and
the ratio of �̄ZA

N /�̄ZA
U also drops to 4.50, suggesting that the

phonon hydrodynamics is weakened in bilayer graphene. As a
result, both the peak [Fig. 4(a)] and the velocity [Fig. 4(b)] of
second sound are obviously suppressed in bilayer graphene,
compared to single-layer graphene. As shown in Fig. 5(c),
further increasing layer number to N = 6 leads to a minor de-
crease in the ratio of �̄N/�̄U, which is also consistent with the
smaller variation of second sound velocity shown in Fig. 4(b).
Therefore, the increased weight of U scattering in multilayer
graphene is responsible for the observed layer-dependent be-
havior of second sound.

D. Temperature effect

To further explore the temperature effect on the fundamen-
tal characteristics of second sound in graphene, we finally
simulate the transient heat conduction process in single-layer
graphene at various thermal excitation temperature Texc and
ambient temperature Tamb. Figure 6(a) shows although a
higher Texc can increase the peak amplitudes of the ballistic
pulse and second sound, the positions of the ballistic pulse and
second sound (vertical dashed lines) are independent on Texc.
In other words, the propagation velocities of the ballistic pulse
and second sound are not affected by the thermal excitation
temperature Texc in classical MD simulations.

The effect of Tamb is displayed in Fig. 6(b). At 110 K, a
peak for second sound is still preserved, while it vanishes
as Tamb increases to 150 K. The increase of Tamb completely
destroys the peak of second sound after Tamb is higher than
110 K, manifesting the significant enhancement of U scat-
tering with the increased Tamb. As the N scattering is no
longer dominated after 110 K, the second sound phenomenon
vanishes. This narrow temperature window for the observa-
tion of second sound agrees well with previous reports from
experiments and other approaches [2,8,10,12].

It should be pointed out that the temperature-independent
second sound velocity observed in Fig. 6 is because of
the classical statistics inherently used in MD simulations,
in which all phonon modes are equally excited. Under the
quantum statistics, the propagation speed of second sound
should depend on the ambient temperature Tamb, as ZA
phonons have a quadratic dispersion and are gradually ex-
cited when Tamb rises. To illustrate this point, we compute
the temperature dependence of the second sound velocity
based on Eq. (4) with quantum specific heat given by CQ

k =
n0[n0 + 1] (h̄ωk )2/(kBT 2). The computed second sound ve-
locity increases with increasing temperature under quantum
statistics, while it is temperature independent under classical
statistics. The difference between the classical and quantum
statistics decreases with increasing temperature (see Fig. S2
of the Supplemental Material [47]).

IV. CONCLUSION

In summary, we have studied the fundamental characteris-
tics of second sound in single-layer and multilayer graphene
by a transient heat conduction modeling. The propagations of
second sound, ballistic pulse, and diffusive phonons are well
demonstrated via the modal energy analysis and propagation
speed. Our simulation results show that the ballistic pulse is
dominated by the in-plane LA and TA phonons; second sound
is contributed by the out-of-plane ZA phonons. In contrast, all
phonon polarizations are involved in the diffusive transport.
Compared to the ballistic pulse, second sound can carry more
heat energy, maintain for a long time, and dissipate at a low
rate. In addition, the thickness of multilayer graphene has
a significant impact on second sound, due to the enhanced
weight of umklapp scattering. A narrow temperature window
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for the observation of second sound with upper limit up to
110 K is also found due to the enhanced umklapp scattering
at high temperatures. This work provides fundamental charac-
terizations of second sound and modal analysis in single-layer
graphene, multilayer graphene, and graphite, which offers
important insight into the understanding of the non-Fourier
heat conduction and phonon physics in solids.
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