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Fig.1 Schematic of group setup of germanene sample in NEMD

simulation
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Fig.2 Crystal structure of EMD simulation (a~c), corresponding local amplified structure (d~f), and running thermal conductivity

curves (g~i): (a, d, g) bulk germanium, (b, e, h) germanene simulated using Org-Tersoff potential, and (c, f, i) germanene

simulated using Opt-Tersoff potential
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Fig.3 Thermal conductivity component obtained by the Opt-Tersoff potential in both x direction and y direction of the germanene plane

(the black thin lines are results from 50 independent simulations and the red thick lines represent the averages over independent

simulations)
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as a function of the time in steady state (b)

=1

NEMD 1380 % 1 [ 8 i 4 & B0 R BRI (AT,

BEEHIRE dE/dt, ASEc(L)FTEHRSE (L)

Table 1 Temperature gradient ‘AT‘ , energy transfer rate dE/d¢, thermal conductivity K(L), and the average thermal

conductivity x(L) of germanene samples with different lengths simulated by NEMD

Simulation time

L/nm k(L)

1 2 3 4 5 6 7 8 9 10

V7| /K-nm™ 1.32 1.29 1.26 1.23 1.24 1.23 1.23 1.29 1.29 1.25

40.1 dE/dt/eV-ns 188.63  175.10 168.95 173.84 181.60 187.06 180.16 175.48 183.53 171.79
x(L) /W-m" K" 5.28 5.01 4.97 5.22 5.41 5.62 5.42 5.05 5.25 5.09 52402

V7| /K-nm™ 0.89 0.90 0.90 0.90 0.92 0.90 0.92 0.90 0.90 0.90

60.2 dE/dt/eV-ns’ 13239 140.40 135.15 127.39 130.93 139.19 136.70 137.52 130.58 142.65
x(L) /W-m" K" 5.52 5.78 5.58 5.24 5.30 5.70 5.55 5.63 5.35 590  5.6£0.2

|VT| /K-nm™ 0.66 0.62 0.69 0.65 0.74 0.66 0.67 0.66 0.68 0.66

80.3 dE/di/eV-ns’ 108.52  109.14 112.04 110.06 117.67 105.52 116.25 112.37 124.42 115.29
x(L) /W-m "K' 6.13 6.47 6.02 6.30 5.90 5.91 6.41 6.26 6.73 6.50 6.3+0.3

|VT| /K-nm! 0.56 055 054 059 054 052 057 054 053 0.55

100.3 dE/di/eV-ns 87.48 9630  95.09 9297 9512 100.58 95.07 94.53  99.04  89.69
x(L) /W-m K" 5.82 6.48 6.48 5.80 6.58 7.20 6.21 6.46 6.94 6.03  6.4+0.4

|VT| /K-nm™! 0.47 045 044 049 045 048 047 046 046 046

120.4 dE/di/eV-ns 84.43 84.64 84.12 83.89 8334 76.61 8123 81.23 81.97 82.64
x(L) /'W-m" K" 6.59 7.00 7.01 6.27 6.84 5.89 6.37 6.48 6.62 6.61  6.6£0.3

V7| /K-nm™ 0.36 0.37 0.36 0.36 0.37 0.36 0.38 0.36 0.34 0.33

160.5 dE/dt/eV-ns’ 63.92  69.94 65.60 70.71  62.66 6553 64.06 63.89 62.73  64.59
x(L) /W-m" K" 6.65 6.94 6.84 7.30 6.34 6.71 6.29 6.56 6.80 7.15  6.8+0.3

|VT| /K-nm™ 0.30 0.30 0.29 0.29 0.29 0.29 0.30 0.31 0.28 0.27

200.7 dE/di/eV-ns’ 52.40  52.18 55.83 5447 5153 4940 52.89 55.08 56.84  56.24
x(L) /W-m "K' 6.56 6.48 7.23 6.94 6.58 6.24 6.56 6.61 7.48 7.62  6.8+0.4

|VT|/K-nm 0.26 0.24 0.23 0.24 0.25 0.24 0.23 0.24 0.25 0.24

240.8 dE/di/eV-ns 4742 4292 47775 4487 4326  47.09 4772 46.04 4522  46.72
x(L) /Wm K" 6.86 6.48 7.52 6.87 6.52 7.12 7.55 7.06 6.80 724  7.0+0.3

V7| /K-nm™ 0.22 0.20 0.22 0.21 0.21 0.21 0.21 0.20 0.22 0.21

280.9 dE/dt/eV-ns 40.97  40.46  38.54 39.83 39.67 41.55 39.02 39.09 39.55 41.29
x(L) /'W-m" K" 6.84 7.31 6.58 6.94 6.94 7.15 6.95 7.16 6.80 733 7.0£0.3

V7| /K-nm™ 0.18 0.19 0.18 0.19 0.19 0.18 0.19 0.19 0.19 0.19

321.0 dE/dt/eV-ns’ 3487  36.04 34.02 3636 3518 3520 34.61 36.89 36.78  36.23
x(L) /W-m"K" 7.01 6.93 6.80 7.13 6.97 7.11 6.64 7.16 7.10 7.1  7.0£0.3
MR A e, 2900 7.7 WK HAOE PP B IR SR SR TP R, M

HFE A, 20 19.6 nm. WA 5b gt 75— &
FIK BE R S I 3 28 R A HERL G i 2, R ILERAT

APV PLRE R IR RN T 22 5K (9 AhaE i S
T AR LU I



o512 3

AT T PRS00 T30 1 A BB s H o

° 3995 -

0.22
a
0.2F
M
£0.18} o
Zo.16f g
S
o1ak o NEMD
Fit
0.12 : : ' '
0 0.01 0.02 0.03
L/nm
10
b
I
E
2
2 ) K=7.7454 W-m'-K"! o NEMD
12=19.5546 nm Fit
0 . : : X !
0 200 400 600

Length/um

B 5 1/x M1/ L IRV G P 50 R A AR 3 A B A i I
BEH) R R 2R

Fig.5 Linear relationship between 1/x and 1/L (a), the thermal
conductivity of germanene as a function of the length of a

series of samples (b)

2.3 Z% 8y EMD #1 NEMD £ R

PRI FRATT R = BT H 5 (50 Yk EMD 2481, 10 ¥
— RIIFE R NEMD BB, EE A 2 g ikil &
IR R A, TR EMD J7 iR 4
R (7.7£0.6 W-m-K") 5 NEMD J7 Ll 5 )5 4L
BRI (40 7.7 Wm KD 584 8. ok,
WA R0 PR E o, 1924 K,

Ldep ~ Ueff tdep ( 10 )

K/W-m K

2 M M ]l M M PR
107 10" 10°
Length/um

Kl 6 %T EMD F1 NEMD J7 & BB #5475 56
Fig.6 Thermal conductivity of germanene based on EMD and

NEMD simulations

¥ EMD 45 2 5 SCIRIN 8] 24, 195G 2R 55 4 0 5 MO B2
Laep I RPO, HE—0HAE 2 P74 . W 6
Fias, WG LR AN (100, o, MEN— D AMSBH,
i EMD B Bl 2 8 4F 55 NEMD #dfs s 5, il
G, R 2 RO R R AR E S B H AR
IR, FHBEAEE] o, A4 9.6 km/s. R, X T4 4
SRKE, EMD 1 NEMD 2 Flt 7 32 (1 52 36 2 1
fifs HLA R, U =3 Z R S5 Rk

3 & it

1) RS F3#BTE B T R AT R
SN EMD AR T Org-Tersoff Al Opt-Tersoff 2
A HRRL L X, KL Opt-Tersoff 42 4 fig
Wi R Bt g5 h . AR5, dE— 22 N H EMD
JHERRTHE T BT 2 M MRS R SR, K
MEHmAFRE S RS ES, ARTHEK. NV
NEMD Jj B T — RANK R IEG AT, I
A A BB THR . Ba, RINEEE
|- EMD 11 NEMD 2 #7549 2 (1 3 58 42— 3.

2) WS PLE R EMD 5 U O KR
WO OE Z 5 NEMD Jt 808 s 78 e AR f 5, i
W RRAT I FH 1) 2 e 7 v 30 & A AN 1K . TR,
# A3 E T T Opt-Tersoff A S HM S G T L
Hh 7.7 WmK,

S0k

[1] Green M S. J Chem Phy[J], 1954, 22(3): 398

[2] Kubo R. J Phys Soc Jpn[J], 1957, 12(6): 570

[3] Ikeshoji T, Hafskjold B. Mo/ Phys[J], 1994, 81(2): 251

[4] Jund P, Jullien R. Phys Rev B[J], 1999, 59(21): 13 707

[5] Fan Z Y, Pereira L F C, Wang H Q et al. Phys Rev B[J], 2015,
92(9): 094 301

[6] Sellan D P, Landry E S, Turney J E et al. Phys Rev B[J], 2010,
81(21): 214 305

[7] Mortazavi B, Rahaman O, Rabczuk T et al. Carbon[J], 2016,
106: 1

References

[8] Wang Xinyu, Hong Yang, Ma Dongwei et al. J Mater Chem C
[J1,2017, 5(21): 5119
[9] Wang X Y, Hong Y, Chan P K L et al. Nanotechnology[J],
2017, 28(25): 255 403
[10] Zhang Xiaoliang, Xie Han, Hu Ming et al. Phys Rev B[J]],
2014, 89(5): 054 310
[11] Howell P C. J Chem Phys[J], 2012, 137(22): 224 111
[12] Zhang T T, Zhu L' Y. Phys Chem Chem Phys[J], 2017, 19(3):
1757



* 3996

G E AL

%48 3

[13] He Y P, Savi¢ I, Donadio D et al. Phys Chem Chem Phys[J],
2012, 14(47): 16 209

[14] Fan Z Y, Pereira L F C, Hirvonen P et al. Phys Rev B[J], 2017,
95(14): 144 309

[15] Plimpton S. J Comput Phys[J], 1995, 117(1): 1

[16] Yeo J J, Liu Z S. J Comput Theor Nanosci[l], 2014, 11(8):
1790

[17] Hu Ming, Zhang Xiaoliang, Poulikakos D. Phys Rev B[J],
2013, 87(19): 195 417

[18] Xie Han, Ouyang Tao, Germaneau E et al. Phys Rev B[J],
2016, 93(7): 075 404

[21] Fan Z Y, Chen W, Vierimaa V et al. Comput Phys Comm[J],
2017, 218: 10

[22] Tersoff J. Phys Rev B[J], 1989, 39(8): 5566

[23] Mahdizadeh S J, Akhlamadi G. J Mol Graphics Modell[l],
2017, 72: 1

[24] Nosé S. J Chem Phys[J], 1984, 81(1): 511

[25] Hoover W G. Phys Rev A[J], 1985, 31(3): 1695

[26] Dong J J, Sankey O F, Myles C W. Phys Rev Lett[J], 2001,
86(11): 2361

[27] Slack G A, Glassbrenner C. Phys Rev[J], 1960, 120(3): 782

[28] Asen-Palmer M, Bartkowski K, Gmelin E et al. Phys Rev B

[19] Davila M E, Xian L, Cahangirov S et al. New J Phys[J], 2014,
16(9): 095 002
[20] Acun A, Zhang L, Bampoulis P et al. J Phys: Condens Matter

[J1, 1997, 56(15): 9431
[29] Fan Z Y, Uppstu A, Harju A. 2D Mater[J], 2017, 4(2): 025 004
[30] Lepri S, Livi R, Politi A. Phys Rep[J], 2003, 377(1): 1
[J], 2015, 27(44): 443 002

Study of Thermal Conductivity of Germanene Based on the Equilibrium
and Non-Equilibrium Molecular Dynamics

Dong Haikuan, Xiu Xiaoming, Shi Libin
(Bohai University, Jinzhou 121013, China)

Abstract: The thermal conductivity of germanene was calculated using the equilibrium and the non-equilibrium molecular dynamics
simulations. Firstly, the thermal conductivity of germanene was simulated by the equilibrium method, and the components of thermal
conductivity decomposition were further calculated. Unlike graphene, the thermal conductivity of germanene is small and the component
x™ is dominant. Secondly, the non-equilibrium method was used to simulate and calculate the thermal conductivity of germanene with a
series of lengths and the thermal conductivity of the convergence with the non-dependent length was obtained by fitting. Finally, it is
found that the numerical results are consistent by comparing both the equilibrium and the non-equilibrium methods, and the simulation
data of the equilibrium can be transformed into a length dependent relation by fitting the phonon group velocity, which can also be
overlapped with the non-equilibrium data points. Therefore, we have determined that the thermal conductivity of germanene is effective

and equivalent, which is calculated using the GPUMD package based on both the equilibrium and the non-equilibrium methods.
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