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Mode-dependent phonon transport analysis of silicon crystal by molecular dynamics method

Takuma HORI*4, Takuma SHIGA, Shigeo MARUYAMA, and Junichiro SHIOMI

™ Department of Mechanical Engineering, The University of Tokyo,
7-3-1 Hongo, Bunkyo-ku, Tokyo, 113-8656 Japan

In this work, we have investigated phonon transport in silicon crystal using molecular dynamics and lattice dynamics
methods. The phonon relaxation time is derived from molecular phase space trajectories through two different analysis
methods using normal mode projection and spectral energy density. By performing the calculations for wavevectors spanning
the entire first Brillouin zone, we find that these two relaxation-time calculation methods give almost the same results despite
the fundamental difference in the underlying theories. With the obtained phonon relaxation time and group velocity calculated
by lattice dynamics method, we have quantified the contribution from each phonon mode to the overall thermal conductivity.
In addition, by calculating the cumulative thermal conductivity, we have quantified contributions to thermal conductivity

from phonons with different mean free paths to gain insight into the scale effect of heat conduction in nanoscale.
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Fig. 1 Flow chart of the phonon transport analysis.



O©CoO~NOUTAWNPE

2.2 SFEHFEMD)E

ARFFETIEIMD 52 W TR OB u &R FOEE wORFRRIELZFHETHZ LT, 74/ L OFEMIEE «
T 5. MDEREFRIFEER 2R T ooy VEBTR L, TSR DR TN E =2 — b o RRATE
SHHIPFEHR Y R 2 b—va vV HIETh D, AFETIET Y aroyitzr B EKT 2 L TMbHiL5 Stillinger
Weber (SW)RT > o 4 L2 W=, SW RT3 WERONTTR T RO IE & ROWITRT ZARDIHEMN HALY 37
.

pi T \ay Tjj
¢, (ry) = A4;¢ [&( - (5" Jexp(——L—), 2
T Tij ry — aljalj
ViiOij kO
mwm@”ﬁwmwﬁfwﬁw%m ff)mxykky (3)

i~ %0 Tig —

I THWERT LR LDRTG A= 2% | 1TRT
WIT, AW CTHWZ 3 FE I FEORBESEICOWTIRR S, KA E 1L A7 > 7056 & L, &EB R
TV EIZ K> Tl LTe. SERSRIRCIE IR R 2 L, TR 300 K C 5 ps IREEHIAE L7212 7 a
= HIVT YTV TFT 6,553,600 AT v F DY 2 b—3a L EITo T HET AR 2R R LD K
XIOWBEERT L0, V) a iEmOBHEAE (X2) % xyz &0 4 Dn=4)ELE L 72 i1 512 {#
MBS R, 6 D(n=6)BlE U721 1728 B DR, 8 D(n=8)ElE L7251 4096 5% 5 %D 3 2% H
Wiz FT, tOFBEITEMES EORBICLY ) A ARHHIRE N Enb, K — Ak L CTHIIS o B
BV alb—arE30 BT, Tt T AEREE RO T
Table 1 Stillinger Weber potential parameters™”.

e[eV] o [A] A yl y cost, A B p | q
2.1683 2.0951 180 | 210 | 120 | -0.3333333 7.049556277 0.6022245584 410

Fig. 2 A conventional unit cell of silicon crvstal.
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Fig. 3 Flow chart of the lattice dynamics method.
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Fig. 6 Comparison of frequency dependent relaxation time obtained by SED and NMP in

(a) inverse scale and (b) log scale. The size of the system is n,=4.
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Fig. 7 Comparison of frequency dependent relaxation time obtained by SED and NMP in

(a) inverse scale and (b) log scale. The size of the system is 7,=6.
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Fig. 8 Comparison of frequency dependent relaxation time obtained by SED and NMP in

(a) inverse scale and (b) log scale. The size of the system is 7,=8.
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Table 2 Thermal conductivity (Wm'lK'l) of each mode and simulation cell size.

4 units 6 units 8 units

TA 180.1 189.6 184.2

LA 119.8 111.6 109.8
LO 27.8 26.3 25.5
TO 2.9 2.6 2.5

Total 330.5 330.1 3222
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p— 1 AO
K= jo cvAdA ©)

OVIAMIECTRIE L= 7 1/ v DLb#Eh e, BEEREE v, FBFEEE ¢, SEWHBITR A=ve Z AWz k. 2R T, 20D
FEMNDS, 10 DL I RESAT—IVLDOF ) T LA U O SN HREHEENCRBIT 5 7 4 / Ll ~D R
HDOFBEERT L ENTED. ABL EV /N SWES, K10@D X 5127 LA Y WNED 7 + 7 > Diifink
FPEIL T o+ 7 CHGELZ SRE SAVEREOIC 72 0, FREOREITA/ NS W EBZ 6D, —F, AR L XV+45
KEWGE, K10b)D L DT+ 7 ALY LA NS CIEEGELE 3 HER IS S, £ OfE R IER O RS R
IR COBEEEICRE B IND. LED> T, k. A ~DIEEEEES Z & C, #121F L=0.1 pm D
A, SOWm'K'BEOBMBEREE b o727 o+ ) IR E OB IS TSI ENEBEIT 503, 780 0 280
Wm'K!' 5 OBMRERE A Ff o 72 7 4/ TR COBELOEE L Z TR0 W ERNbnd. 2L, LY EEN
REEROT-DIZIE, RETOT7 4+ ) v OBELRHBRICOWTOIEENNETH S, 74+ ) OREHBEEE K
DLFEE LTL, 7V —BIIET S wave packet (K72 ERBH Y, T EARBIIED T 4+ ) AN 2R
HEDET-TIEOBIRNASHOFELE 72D,

. (a) A<L
300} 4 un%ts _gr":/_ ‘ L
= Q 6 units ,
e 8 units e !
2z
5 2200r
=22 '
5.2
= g (b) A>L
£S 100t o
38 L
(]
Qo1 0.1 1
Mean free path (um) =\ [ N

Fig. 9 Size dependence of cumulative thermal conductivity Fig. 10 Diagram of nanostructured materials with nanograin

of silicon at 300 K with respect to the phonon mean free size (a) larger and (b) smaller than the phonon mean free path.

path calculated using normal mode projection (NMP).
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