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This work reports on the phonon energy inversion in graphene nanoribbons: after initial localized
thermal excitation, the energy of initial cold phonons (flexural mode: FM) becomes higher than that
of local hot phonons (longitudinal and transverse modes: LM/TM). Such energy inversion holds for about
50 picoseconds. Two physical factors combine together to give rise of this phenomenon: one is the much
faster heat conduction by FM phonons than that by LM/TM phonons, and the other factor is the strongly
temperature-dependent energy exchange rate between FM and LM/TM phonons: 3.7 x 1010 s=1 at 84 K
to 20.3 x 10'% s~! at around 510 K.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Since its discovery, properties of graphene have been stud-
ied extensively due to their exotic electronic characteristics and
realistic prospects of various applications [1-3]. Recent studies
measured the lattice thermal conductivity of graphene at around
3000-5000 W/mK depending on the graphene flake size and tem-
perature [4,5]. First principle calculations by Kong et al. [6] and
Nika et al. [7] determined thermal conductivity values in the range
of 2000-6000 W/mK. Using molecular dynamic (MD) simulations,
several research groups [8-10] calculated graphene’s thermal con-
ductivity at a significantly lower range of 20-2000 W/mK depend-
ing on the width, roughness and edge type (armchair or zigzag) of
the sample. Other carbon allotropes like graphite [11], carbon nan-
otubes (CNTs) [12-14] and diamond [15] also exhibit high thermal
conductivity values because of the strong carbon atom bonding,
which results in a large phonon contribution to its thermal con-
ductivity.

Previous studies argued that the thermal conductivity in sin-
gle layer graphene (SLG) is mainly contributed to by the in-plane
transverse (TA) and longitudinal acoustic (LA) phonons, while the
out-of-plane flexural acoustic (ZA) phonon contribution can be ig-
nored due to its small group velocity [7]. However, recent research
shows that for a suspended SLG, the ZA phonon modes can con-
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tribute as much as 77% at 300 K and 86% at 100 K of the ther-
mal conductivity due to the high specific heat and a longer mean
phonon scattering time [16]. By formulating the ballistic thermal
conductance of phonons in a two-dimensional system and using
the phonon’s dispersion relation, Nakamura et al. [17] calculated
the contributions of the TA, LA and ZA phonons to graphene’s
thermal conductance. They conclude that the ballistic phonon con-
ductance is determined by the ZA phonon modes below about 20 K
and contributions of the TA and LA phonon modes cannot be ne-
glected above 20 K while the ZA phonon contribution is still domi-
nant. Besides, by numerically solving the phonon Boltzmann equa-
tion, Lindsay et al. [18] came up with a symmetry-based selection
rule which significantly restricts anharmonic phonon-phonon scat-
tering of the ZA phonons and they prove that the lattice thermal
conductivity of SLG is dominated by the ZA phonon modes.

Thus far, the reported high thermal conductivity of FM phonons
has sparked a keen interest in the study of graphene’s thermal
properties. Here we represent an energy inversion phenomenon
observed in the transient thermal transport in GNR system. Phonon
energy coupling among different phonon modes is investigated
systematically and it is found that both dynamic and static heat
sources can evoke the energy inversion in GNR. Our preliminary
speculation for this novel property of graphene can be summarized
into two aspects. One is the much higher thermal conductivity of
FM phonons than that of TM/LM phonons. The other one is that
the energy coupling between FM and TM/LM phonons is not con-
stant against their energy level: the coupling becomes stronger
when the phonon energy is higher. The above speculations are
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Fig. 1. Atomic configuration and energy inversion characterization in the 2.0 x
25.0 (x x y) nm? GNR system. (a) Periodic boundary condition is applied to the
y direction and free boundary conditions are applied to the x and z directions. The
two outermost layers of atoms in the x direction (marked as pink) are grouped to
apply the stretching force (F = 1.0 eV/A). This coordinate system is used for all the
discussions in this work. (b) The Eyx, Ex,y and Ei , profiles of the GNR after 25 fs
phonon excitation at the boundary. (c) The Ei x and Ej , energy exchange after the
GNR is stretched in the width direction. The red area represents phonon package
propagations induced by the stretch. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this Letter.)

explained and elaborated in the following discussions in Sec-
tions 2.1 to 2.3. Energy inversion in multilayer graphene is studied
in Section 2.4.

2. Results and discussion
2.1. Phonon energy inversion after localized phonon excitation

First of all, we study the phonon energy evolution after lo-
calized phonon excitation in a graphene nanoribbon (GNR) as
shown in Fig. 1a. A single layer GNR with dimensions of 2.0 x
25.0 nm? (x x y) is constructed. The second generation of the
Brenner potential [19]: reactive empirical bond-order (REBO),
based on the Tersoff potential [20,21] with interactions between
C-C bonds is applied in our MD simulation reported in this Let-
ter. Periodic boundary condition is applied to the y direction and
free boundary conditions are applied to the x and z directions.
To compare the energy evolution of different phonon modes and
the whole system, a quantity defined as Ey/[(1/2)kg], where Ej
is kinetic energy and kg is the Boltzmann constant, with unit K is
used to represent the energy values in each direction and a value
Er/[(3/2)kp] with unit K stands for the system’s total energy.
“Bias” has been removed from the atomic velocities when ener-
gies are calculated.

During initial system equilibrium calculation, a time step of
0.5 fs (1 fs =101 s) is used. After 150 ps (1 ps =10"12 s) energy
equilibrium calculation, the system reaches the expected steady
state at 50 K. Then two layers of carbon atoms at each end in
the x direction are grouped to apply opposite stretching forces (F)
to each atom for 25 fs. The stretching force is 1.0 eV/A per atom.
Atomic structure of the system is depicted in Fig. 1a. The GNR sys-
tem is left to relax for the next 100 ps until it reaches energy
equilibrium again. The time step is reduced to 0.05 fs in these
phonon excitation and relaxation processes in anticipation to cap-
ture detailed phonon energy evolution.

Due to the displacement of the outermost carbon atoms, a
phonon package is excited and propagates to the inside from each
boundary in the x direction. Temperatures of the path through
which the phonon package propagates will become higher than
the rest areas, which gives rise to moving local hot regions in the
GNR. Due to the phonon excitation in the x direction, the average
energy of the system increases from 50 K to 194 K immediately
after excitation. To take a closer look at the energy relaxation pro-
cess, energies of phonons in all three directions (Ejx, Ek,y, Ex z)
are computed and shown in Fig. 1b. The results are averaged ev-
ery 100 steps to suppress the data noise. At the end of excitation,
Exx. Ery and Ey, are 478 K, 48 K and 57 K respectively. This
clearly shows that the excitation almost solely increases the energy
of phonons in the x direction while the y and z mode phonons
stay cold. Since the energy of the longitudinal phonons (Ej ) is
much higher than the other two modes (Ej y, Ei ), energy ex-
change among the three phonon branches will occur continuously
until the GNR system reaches energy equilibrium again.

Generally, one would expect in such scenario Ey , and Ej , will
increase gradually, and Ejy , will decrease until the three phonon
mode energies reach the same level. However, according to our
calculated results, the longitudinal phonon energy (Ej x) decreases
dramatically at the beginning of the relaxation procedure while the
flexural phonon energy (E ) rises much faster than the transverse
phonon energy (E ) and becomes higher than Ej, at around
2.0 ps. It is seen that the energy exchange between Ei x and E
does not give rise to such inversion phenomenon, and they reach
the same level after about 15 ps. On the other hand, at the mo-
ment Ej , reaches its peak value, Ej x also reaches its minimum,
and the energy inversion (Eyy — Ei ) reaches the highest level.
Then energy flows back from Ei, to Exx and Ei y, and it takes
a much longer time (~ 50 ps) for them to reach the same level.
This points out that the energy exchange between Ej x and Ej ; is
much slower than that between Ej x and Ej ,, agreeing with our
previous observation in studying the temporal response of a GNR
to a thermal impulse [10].

First of all, for this first-time observed surprising behavior in
graphene, our speculation of the driving force behind it is the
much higher thermal transport capability by the flexural (z) mode
phonons. As illustrated in Fig. 1c, phonon energies in the mov-
ing local hot regions of GNR will increase dramatically when the
phonon package propagates in the lateral direction. This high lo-
cal energy will induce a high local Ej ,. According to Lindsay et al.
[18], for a suspended SLG, the ZA phonon mode has a large den-
sity of states and follows a selection rule for anharmonic phonon
scattering, which contributes to its anomalously large thermal con-
ductivity. Therefore, due to the large thermal conductivity of ZA
phonons, the local flexural mode energy (Ey ,) will dissipate in
space very fast, which allows the local E, to always remain
higher than Ej ,. Consequently in the local hot regions, thermal
energy keeps flowing from Eyx to Ey,, while in the whole GNR
system Ej, becomes greater than Ej .. One argument is that in
regions where Ey, > Ey,, energy will flow back from Ej, to
Ekx. and offset the energy flow from Eyx to Ey . in the regions
of Eyx > Ei .. We will prove later that this energy flow back is
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Fig. 2. Phonon package propagations in the width direction of the 2.0 x 25.0 (x x y) nm? GNR system. (a), (b) and (c) are for the spatial-energy contours of Eix, Ek,y and

Ey , respectively.

much slower due the fact that the E x — Ei , coupling is weaker
when the local temperature is lower [Fig. 1c]. Energy transfer rates
among the three mode phonons will be discussed below to give
detailed physical analysis of this process.

2.2. Phonon package propagation and phonon coupling

From the inset of Fig. 1b we clearly see that Ej x decreases in a
sinusoidal pattern (oscillating). This is caused by the phonon pack-
age traveling and reflections at the x boundaries. To better analyze
the phonon package propagation and energy exchange in the GNR,
we plot its spatiotemporal contours in respect of Ey x, Ex y and Ej ,
in Figs. 2a, b and c respectively. The results are presented without
any data average. It can be seen that the longitudinal (x) phonon
packages are traveling between the two x boundaries and the wave
amplitude decays with time due to the energy transfer and phonon
scattering. The propagation speed of the longitudinal phonon pack-
age is calculated at 19.9 km/s. The local energies at the boundary
where the phonons are reflected are higher than those at the other
places due to the overlap of incident and reflection waves which
amplifies the wave amplitude. The local energies in the center are
lower since the phonon packages from opposite directions can-
cel out and weaken the local lattice vibration. No transverse (y)
phonon package propagation is observed in Fig. 2b. In Fig. 2c, flex-
ural (z) phonon package propagation is observed. In Fig. 2a, we
calculate the period of the longitudinal phonon package to be 0.1
ps, corresponding to a phonon moving back and forth frequency of
10 THz. In Fig. 2c, the period for the flexural phonon package is
calculated at 0.2 ps, which corresponds to a phonon moving back
and forth frequency of 5 THz.

We developed a speculation that the energy inversion in GNR is
caused by phonon package propagations, which create moving hot
local regions where the thermal energies keep transferring from
the in-plane to out-of-plane phonons until the phonon package
dies out. The key point for such energy inversion is very local-
ized phonon excitation. Therefore if there is no phonon package
generated in the GNR system, the energy inversion should not be
observed among Eyx, Ery and Ei .. To test this point, we use
a 2.0 x 25.0 nm? (x x y) GNR to investigate the energy transfer
among the three phonon branches without inducing any phonon
propagation influence. The GNR system is initially placed in a
Nose-Hoover [22,23] thermal bath for 200 ps until the system
reaches energy equilibrium at 50 K. Then the velocity of atoms
in the x direction (vy) is rescaled to two times their original val-
ues. Therefore according to the energy equipartition theorem, the
x mode phonon energy (Eyy) will become four times the initial
value, which is around 200 K in this case. Due to the increase of
Ey x, thermal energies will be transferred to Ey , and E ;, and no
phonon package is generated since the GNR is heated uniformly in
the x direction. The energy relaxation process is shown in Fig. 3a.
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Fig. 3. Calculation of phonon coupling time against energy. (a) Energy evolutions
after Ey y is rescaled to ~ 200 K. (b) The characteristic coupling time of the in-
plane phonons and the flexural phonons at different energy levels. It is conclusive
G, increases with the local energy level, meaning if the phonon is more excited, the
mode-wide coupling will be stronger.

The time step is 0.05 fs during the relaxation and the results are
averaged every 100 steps to suppress the data noise. Compared
with Fig. 1b, it is seen that no energy inversion happens between
in-plane and out-of-plane phonon energies.

In Fig. 3a, three energy transfer processes are observed, which
are Eyx — Erz, Ex.,y = Ek, and Ej x — Ei , respectively. The evo-
lution of Ej , can be expressed as

0Ey ;
at
where Gy;, Gy, are the inverse values of the coupling time for
Exx — Ei and Ep y — Ej .. Since E x and Ej , are both in-plane
phonon energies, to simplify the coupling analysis we assume their
coupling times with Ej , are the same (Gx; = Gy, = G;). The the-
oretical basis of Eq. (1) could be explained by the following. After
the vy rescaling, the total energy of the system remains constant
while Egy, Ery and Ey, are different, i.e., there is no spatial
heat conduction in the system but energy transfer among differ-
ent phonon modes. The change in certain phonon energy is only
caused by its coupling with other phonon modes. The phonon en-

= ze(Ek,x - Ek,z) + Gyz(Ek,y - Ek,Z)v (1)
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ergy exchange happens as long as there are energy differences
among them. Take Ej , as an example, the change of Ej , is caused
by its coupling with Ei x and Ej . To describe this change, coeffi-
cients of Gyx; and Gy, with unit s~ are introduced to characterize
the coupling rate of Ej , with Ej x and Ej , respectively. Then the
evolution of Ej , can be described by calculating the time integra-
tion of its coupling rate with Ey x and Ei y. Since Ei , is already
given by the MD simulation results, G, can be determined by best
fitting the MD results using Eq. (1). Given a proper G, value, Eq. (1)
could be used to fully describe the evolution of Ej ;. By fitting the
MD simulation data of Ej , with numerical results calculated from
Eq. (1) using the least square method, we calculate the G, value at
3.96 x 10'° 571, corresponding to a coupling time (z,) of 25.3 ps.
Similarly, the equation for the evolution of Ey , is

0Eg y c

ot = Gxy(Egx — Ek,y) + Gz(Ex z — Ek y), (2)
where Gy, is the inverse of the coupling time between Ey, and
Eg.y. Given G, =3.96 x 1010 s, the value of Gy is calculated at
1.86 x10!! s~ based on data fitting of the Ej , evolution, and the
phonon relaxation time (7yy) is 5.4 ps. From the above results, we
can see that 7, is 4.7 times Tyy, meaning the energy transfer for
Exx — Er, and Eyy — Ei, are much slower than that between
Exx and Ej y.

According to the previous study by Lee et al. [24], the ther-
mal conductivity of graphene decreases with temperature. It is
expected the characteristic coupling time between in-plane and
out-of-plane phonons will decrease with time, which should lead
to an increasing G, value against temperature in graphene. There-
fore we also conducted a study on how the phonon coupling con-
stant G, changes with the local energy level (temperature). For this
study, we rescale Eyx and Ej , simultaneously to the same value
and use Eq. (1) to calculate G,. The G, values at different energies
are shown in Fig. 3b. We can see that G, increases with temper-
ature, from around 3.7 x 10’ s=1 at 84 K to 20.3 x 1010 s—1 at
around 510 K. This indicates that the thermal energy transport
between the in-plane and out-of-plane phonons becomes faster
as temperature increases, meaning the phonon coupling between
Exx/Ek,y and Ep, in hot local regions is stronger than that in
cold regions. From the above discussions, we conclude that the en-
ergy inversion in GNR is mainly caused by two reasons. First, the
out-of-plane phonons make substantial contribution to the GNR’s
thermal conductivity and dissipate heat much faster than the in-
plane phonons. Second, in the moving hot local regions where the
phonon package passes by, the coupling time between in-plane
and out-of-plane phonons is much smaller than that in the cold
area. This leads to a continuous net energy transfer from Ej x/Ey y
to Eg ;.

From the above work, we have learned that energy inversion
will happen when a phonon package is excited in the x direc-
tion. However, since the thermal conductivity and phonon bound-
ary scattering rate in the x and y directions are different, it
is necessary to further examine the phonon energy evolution
when the phonon package is excited in the y direction. A 2.0 x
25.0 nm? (x x y) flat GNR is built to reach thermal equilibrium at
temperature 50 K. Periodic boundary condition is applied to the
x direction and free boundary conditions are applied to the y and
z directions. Then two layers of carbon atoms at one end in the
y direction are grouped to apply a stretching force (F in the y di-
rection) for 25 fs. The stretching force is 5.0 eV/A per atom. Atomic
structure of the system is shown in the inset of Fig. 4. Phonon en-
ergy evolutions in each direction are shown in Fig. 4. The time step
is 0.05 fs during the relaxation and the results are averaged every
100 steps to suppress the data noise. It is observed that right af-
ter the phonon package excitation, Ej , becomes higher than Ej x

600

T T T T T T T T T
2.0 x 25.0 nm’
stretched atoms are marked yellow (F = 5.0 eV/A) T

g 300 induced by phonon package reflection
IEZ 200
100
0
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Fig. 4. Energy inversion characterization in the GNR system with phonon package
excitation in the y direction. Periodic boundary condition is applied to the x di-
rection and free boundary conditions are applied to the y and z directions. Two
outermost layers of carbon atoms at the right end (marked as yellow) are grouped
to apply stretching force (F = 5.0 eV/A). An energy bump is observed in the Ek.y
profile, which is induced by the phonon package reflection on the graphene bound-
ary. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this Letter.)

and Ejy .. Then at ~ 18 ps, Ej , exceeds Ey , to become the high-
est, which indicates the occurrence of energy inversion. An energy
bump at ~ 1.25 ps is observed in the Ej, profile. The energy
bump is induced by the longitudinal phonon package’s reflection
on the other end in the y direction, which increases the atoms’
kinetic energy in the local area. Based on the appearance time of
this energy bump, the longitudinal phonon package speed is calcu-
lated at 20.0 km/s, which is nearly the same with previous result
of 21.3 km/s [25].

2.3. Energy inversion with a static heat source

From the above physics analysis, we predict that phonon energy
transfer and exchange caused by a static localized heating source
will also induce energy inversion in a GNR system. To prove our
prediction, a 2.0 x 125.1 nm? (x x y) GNR system is built [Fig. 5d].
The outermost layer of carbon atoms at each end in the y direc-
tion are fixed to avoid the spurious global rotation of the GNR
and free boundary conditions are applied to the x and z direc-
tions. The system initially reaches thermal equilibrium at 50 K.
Then a region of 2.0 x 25.0 nm? [region B shown in Fig. 5d] at
the left end of the GNR is exposed to a thermal impulse. The heat-
ing time is 2 fs and the final temperature in the heating region is
619 K. Figs. 5a, b and c show the energy evolutions of the whole
system, region A and region B. The time step is 0.5 fs during the
relaxation and the results are averaged every 10 steps to suppress
the data noise. First and most importantly, energy inversion is ob-
served in Fig. 5a. At around 5 ps, the flexural mode (FM) phonon
energy (Ey ;) becomes higher than those of the transverse mode
(TM) (Ek x) and longitudinal mode (LM) (E, ) phonons. It can be
seen from Fig. 5c that in region B, Ej , decreases faster than Ej x
and Ei y. This is because the FM phonon carries more heat to the
low energy region (region A) than the TM and LM phonons due to
the much higher thermal conductivity sustained by FM phonons.
As a result, E,, in region A is higher than Ejx and E ), due to
the continuous heat current from region B by FM phonons, which
is clearly shown in Fig. 5b. In region B, the LM and TM phonons
keep transferring thermal energy to the FM phonons due to the
energy difference between them, as shown in the inset of Fig. 5c.
This continuous heat transfer between the in-plane phonons and
out-of-plane phonons eventually causes higher total energies in
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Fig. 5. Energy inversion characterization with static heating source. Fixed boundary
condition is applied to the y direction and free boundary conditions are applied
to the x and z directions. (a), (b) and (c) show energy evolutions of the whole
region, region A, and region B. (d) Schematic to show the phonon transport in
the 2.0 x 125.1 (x x y) nm?> GNR. Heat conduction (HC) among FM phonons is
much faster than those among LM and TM phonons. The red area (region B) is
the 25.0 nm heating region where Eyx and Ey y transfer to Ej .. The thermal en-
ergies will mainly be transported by Ej , to the low energy area (region A) where
Ek,, mostly transfers to itself in space (heat conduction) and partially to Ei x and
Ey y. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this Letter.)

the z direction and induces energy inversion in GNR. During the
heat conduction from region B to region A, the FM phonons will
largely transfer their energy to FM phonons (heat conduction), and
transfer very little to the LM and TM phonons. One argument is
that in region A, the FM phonons have a higher energy than the
LM and TM phonons, so the energy could be transferred from FM
phonons to LM and TM phonons in this region. This could prevent
the energy inversion from happening. The fact is that in region B,
the local energy is higher and will lead to faster LM/TM to FM
phonon energy transfer (smaller coupling time). In region A, the
local energy is low, and the energy transfer from FM to LM and
TM phonons is slow (longer coupling time). Therefore, more en-
ergy will stay in the FM phonons, leading to energy inversion.

The energy transport rate from the TM and LM phonons to the
FM phonons in region B is expressed as

Elz,in =Gz1(Exx — Ex2) + G (Ek,y —E.2), (3)

where Ei x, Ex y, Ex, are the phonon energies in the 25.0 nm re-
gion. Similarly, the energy transport rate from the FM phonons to
the TM and LM phonons in region A can be written as

E/z,out = Gzz(Elc,z -

Ek,y)~ (4)
The differences between E, ; and E7 ,,, will be the rate of energy
accumulating in the flexural phonons. The FM phonon energy pro-

file of the whole system can be predicted as

Vg f E,z,in

Ek,x) + GzZ (Ek,z -

- Va f Ez out @
VGnR

; (5)

Ek,z =

where V4, Vp and Vg represent the volume of region A, region
B and the entire GNR respectively. The G;; and G values will
change with energy as shown in Fig. 3b, while in this case we
simplify the calculation by using G,; =22 x 101° s~! and G, =
4.15 x 1019 s~1 at the average FM energy for the time range O-
15 ps, and G, =14.5 x 101% s~1 and G,; = 5.3 x 10'° s~ for the
time range 15-50 ps. By substituting E x, Ey , and E , values into
Egs. (3)-(5), the predicted Ey , values are plotted in Fig. 5a (blue
solid curve). It is very exciting to observe that the predicted E ,
curve soundly matches the MD simulation results. This strongly
proves that the input energy to the FM phonons is greater than the
output energy, therefore inducing energy inversion in GNR. Also
this prediction quantitatively proves the physics we proposed for
the energy inversion phenomenon.

2.4. Energy inversion in multilayer graphene

Klemens [26,27] clearly distinguished the thermal transport in
SLG and in bulk graphite. In the latter case there appears strong
coupling within the cross-plane phonon modes and heat propa-
gates in all directions, which reduces the contributions to heat
conduction of the low-energy modes along the basal planes to
negligible. By following the spirit of Klemens [26,27], Balandin
et al. [7] proved that thermal conductivity of bulk graphite is much
lower than that of single layer graphene. According to Lindsay et al.
[28], the interaction between graphene layers breaks the selection
rule on phonon-phonon scattering and results in a reduced ther-
mal conductivity in the ZA phonon mode. As a result, we expect
that the energy inversion in GNR will also be weakened in multi-
layer graphene (MLG).

For the MLG systems studied in this work, the interaction be-
tween graphene layers is described by the Lennard-Jones (L]) po-
tential as

P 12 P 6
wo=w|(5) -(5)] X

where r is the distance between carbon atoms and & and o
are the common LJ parameters, which are set to be 0.0046 eV
and 3.3276 A respectively. Only the coupling between adjacent
graphene planes is included in all the systems. Dimension of the
MLG system is 2.0 nm x 25.0 nm (x x y), with n number of
graphene layers in the z direction. Coordinates and boundary con-
ditions of the system are the same as those displayed in Fig. 1a.
A time step of 0.5 fs is used along the whole calculation. After en-
ergy equilibrium calculation at 50 K, the MLG system is stretched
in the x direction (2.0 nm side direction) with two opposite forces
(1.0 eV/A per atom) applied on each side for 25 fs. Only the
outmost two layers of atoms at each end in the x direction are
stretched, like the scenario shown in Fig. 1a. After the stretch-
ing process, energy relaxation is performed for the next 100 ps.
Energy changes in all three phonon modes are calculated during
the relaxation process and the results for N=1,4,7, 10 MLGs are
shown in Figs. 6a, b, ¢ and d. The results are presented without any
data average. We can see from these figures that as the layer num-
ber increases, the maximum Ejy, decreases and energy inversion
is weakened. To be more specific, we calculate the Ej , differ-
ence between the initial and the final state as the denominator
(AEg rise) and the difference between the peak Ejy, value and the
minimum Ej , value as the nominator (AEy). The AEx and AEj rie
value definition is denoted in Fig. 1b. AE is the maximum energy
inversion between Ey, and Eyy, and AEj s is the final system
energy rise induced by the initial phonon excitation. The ratio re-
flects the strength of the energy inversion process and their values
are plotted in Fig. 6e. The AEy/AEy rie values decrease with an
increasing layer number, which further proves that the energy in-
version is weakened as layer numbers increase. This weakening
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Fig. 6. Damping energy inversion against growing layers. (a), (b), (c) and (d) show
energy evolutions for graphene with different layer numbers. The black, red and
green solid lines represent Ey y, Exy and Ey, respectively. (e) AEy/AEg s With
different layer numbers from 1 to 10. Definitions of AE, and AEj i are illustrated
in Fig. 1b. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this Letter.)

is most obvious when the graphene layer number changes from
1 to 2, and is moderate with further layer number increases. We
conclude from Fig. 6e that energy inversion is weakened due to
a reduced FM mode thermal conductivity in the MLG. Due to the
computational cost for multilayer graphene, our calculations only
include layer thickness ranges from 1 to 10. However, for much
thicker ones, we expect the energy inversion phenomenon will still
exist but be much weaker. We believe this is an intrinsic property
of graphite. However, this energy inversion phenomenon is not a
2-D effect. To observe the energy inversion at the system level, the
material must have strong mode-wide non-uniform thermal con-
ductivity and temperature-dependent inter-mode energy coupling
rate.

3. Conclusion

In summary, energy inversion in a GNR system during transient
thermal transport was observed. The observed energy inversion
requires localized phonon excitation (single mode or mode-wide)
and can hold for about 50 ps. There are two main factors that con-
tribute to the energy inversion in GNR. One is the much higher
thermal conductivity of FM phonons than that of TM/LM phonons.
The other one is that the energy coupling between FM and TM/LM
phonons is not constant against their energy level: the coupling

becomes stronger when the phonon energy is higher. Under the in-
fluence of a moving or static localized heat source, the FM phonons
conduct heat much faster than the LM/TM phonons. Consequently
thermal energy continuously transfers from LM/TM phonons to FM
phonons in the heat source region while in the cold region the en-
ergy flow-back is much slower. We conducted prediction of energy
inversion and the results agreed very well with the MD obser-
vation. With an increasing layer number of graphene, the energy
inversion was weakened due to a decreasing thermal conductivity
of FM phonons. Our observation points out a novel way for tem-
poral energy storage in FM phonons, and energy conversion from
LM/TM to FM mode (energy separation and isolation).
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