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Fig. 1. Temperature distribution based on the numerical inverse transformation: (a) 8 = 1; (b) 6§ = 1.
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Fig. 2. Comparison of the calculation results of the single-phase relaxation model and the two-phase relaxation model: (a) Temper-

ature distribution calculated by the single-phase relaxation model; (b) temperature distribution calculated by the two-phase relaxa-

tion model; (c) temperatures at different times calculated by the single-phase relaxation model; (d) temperatures at different times

calculated by the two-phase relaxation model; (e) temperatures at different locations calculated by the single-phase relaxation model;

(f) temperatures at different locations calculated by the two-phase relaxation model.
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Fig. 3. Calculation results of the two-phase relaxation mod-

el under short-pulse thermal shock.
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Fig. 4. Analysis of the effect of the diffusion term on thermal wave propagation: (a) Thermal wave propagation; (b) temperature at
different moments of thermal wave propagation; (c) initial effect of the diffusion term on thermal wave propagation; (d) temperat-
ures at different moments of the initial effect; (e) further effect of the diffusion term on thermal wave propagation; (f) temperature

at different moments of the further effect; (g) final effect of the diffusion term on thermal wave propagation; (h) temperature at dif-

ferent moments of the final effect.
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Fig. 5. Analysis of the effect of the third derivative term on heat wave propagation: (a) Initial effect of the third derivative term;

(b) temperature at different moments of initial effect; (c¢) further effect of the third derivative term; (d) temperature at different

moments of further effect; (e) final effect of the third derivative term; (f) temperature at different moments of final effect.
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Fig. 6. Atomic structure of zigzag graphene.
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z J718] /nm 123.00

y J718] /nm 2.13

2 J7 1] HRCHT
WU AR .

W4 10000

B /A 1.42

WAL /K 50

Jin#AX IR /nm 2J7 1A H6.15

AR /s 0.5
SRy JinAA[E] /ps 0.5

JnFAELRE /K 1000

THRALA 11000

T /nm )7 T 1246

TR /fs 0.5
AR il JIFAETR] /ps 0.5

TR /K 1000

HHEAE 10000

4.2 PAMTEEAXKEES

R (18) 2R (19) I3 i HA5 2 Fh A2 iR
YRR B RE TR 43 A RS AR L SR 431,
& 8 fifzn. K 8(a) FIE 8(c) X HL T H AR AR RAR
TR . T RE T R o R B R
PR PR AEAE 3 b, B 2k gm) p igk
(BASCER) | R s ey (L0 Estgk) . oM ) 5
PRI (B SELR). sbE i FE AL 3G i B AN 2 i,
S O] A g ) S A 21 km /s
TET DAY RS [ S A 13 K /s, T AR 1] S ok
3 km/s. X 5 &3 FENSTHR A L
TR G\ ] L J0k T PR AR ) 5L I8t 0 TR R
X 07 P AR 0 S T T 7 A e e D D U /N
T ARG . ] 8(b) AE 8(d) X b T 45 i AL iR
A T IR A A LA AR ] A A

XoF b ARk T L ST iR A T A L R e, DA%
T ME 153, 1€ 9 PR R AR —Fhsr
L BE BT L. 8] 9(a)—(c) A E AR R 4
i ) — AR S T 43 A . 9N SR ) B 2l 5
SR A SR DA A TG, JEAR R BN,

030812-8


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y B ¥ R Acta Phys. Sin.

Vol. 75, No. 3 (2026)

030812

T/K
369

305

240

t/ps

176

111

47

62 46 31 15 0

T/K
369

304
240
175
111

46

62 46 31 15 0
z/nm

B8 PN I B R A R S A
() 42 il 72 ek R AR L SR

®) 5

t/ps

t/ps

62 46 31 15 0
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temperature change; (b) overall kinetic temperature under controlled temperature change; (c) overall real temperature under natur-

al temperature change; (d) overall real temperature under controlled temperature change.
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Fig. 9. Decomposition of the temperature fields of two temperature-changing modes of (a)—(f) natural temperature change and

(g)-(1) controlled temperature change: (a), (g) Temperature distribution of longitudinal vibration; (b), (h) temperature distribution

of transverse vibration; (c), (i) temperature distribution of out-of-plane vibration; (d), (j) temperature curves of longitudinal vibra-

tion; (e), (k) temperature curves of transverse vibration; (f), (1) temperature curves of out-of-plane vibration.
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Thermal wave propagation in graphene based on
two-phase relaxation theory

GUO Xucai CHEN Meiduo XIE Yushan  WANG Pengfei XU Songlinf

(CAS Key Laboratory of Mechanics Behavior and Design of Materials, University of
Science and Technology of China, Hefei 230027, China)

( Received 28 September 2025; revised manuscript received 29 October 2025 )

Abstract

In order to distinguish the interaction responses between unsteady thermal waves and thermal diffusion in
graphene, the relaxation time of the heat flux vector 7, and the relaxation time of the temperature gradient 7,
are introduced based on the Fourier’s law, and a two-phase relaxation theoretical model is established. Using
parameter B, which describes the ratio of relaxation times between two phases, to reveal the influence of the
interaction between thermal waves and thermal diffusion and to investigate the regulation mechanism of heat
transport modes. When B approaches zero, the thermal wave effect dominates the heat transfer. When B
approaches 0.5, the thermal diffusion characteristics are significant. When B is between zero and 0.5, both of
them jointly dominate the heat transfer, and the interaction between the two is of great significance. The
results uncover the rules of thermal diffusion induced wave attenuation and thermal wave promoted thermal
diffusion. They exhibit strong coupling characteristics. The unique contribution of third-order partial derivatives
to local thermal wave disturbances is also revealed.

A molecular dynamics model of short-pulse thermal shock for zigzag graphene is developed to reveal the
coupling behaviors between thermal waves and thermal diffusion. The calculation parameters of the two-phase
relaxation theoretical model are calibrated. The temperature field following the second sound is the outcome of
the combined action of thermal waves and thermal

diffusion. It is worth noting that except for the out-of-

T/K

plane thermal wave, which has a higher speed than the /169
out-of-plane transverse elastic wave, the speeds of the 142
other two thermal waves are both lower than their - 115
corresponding elastic wave velocities. S 87
The above results indicate that the two-phase 60
relaxation model can accurately depict the non- a3

equilibrium thermal behaviors of micro-and nano-scale
devices and can provide a theoretical basis for

protecting micro-components in integrated circuits

against thermal radiation and thermal diffusion.
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