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Abstract

Abstract

Recent rapid progress and the development of a nanometer-sized device have been achieved in the
micro-electro-mechanical system (MEMS) and nano-electro-mechanical system (NEMS). For example
the nanoscale manufacturing technology makes a Large Scale Integrated Circuit (LSIC) be extended to a
Very Large Scale Integrated Circuit (VLSIC) and it is still improving the performance of semiconductors
with the more compacted size in the related industries. Thin film deposition technology, which controls
the thickness with the range of an atom nowadays, makes a supperlattice be possible. Supperlattice is an
artificial film not existed in nature since it is possible to be manufactured from the arbitrary selections of
any element. These newly growing nano- and micro-engineering technology make the various devices
be more reduced size, perform the advanced functions, and change even the human life. However these
new technology requires at the same time that one should thoroughly understand, analyze the new
phenomena resulting from the extremely small size and the limit of an application with the existing
theories based on the macro systems.

The typical unusual physical behavior compared with a macro system is the microscale heat transfer
phenomenon to which the Fourier’s Law is any more applicable. If the heat transfer theory for a macro
system is applied to a micro-sized structure without any consideration on a size effect, then a significant
error in the calculated heat transfer rate or the temperature distribution can result. Such an error may
make the devices operate inappropriately away from the designed function or even malfunction.
Therefore MEMS/NEMS designers must fully understand the application limit of the Fourier’s Law and
the trend of a thermal conductivity (TC) caused by a size effect.

Thermal boundary resistance (TBR) at the epitaxial interface composed of the different materials is
another phenomenon focused one’s attention. TBR seems to be considerably reduced from the results of
a macroscale system if the contacting area at an interface is increased by any method. These results
mislead one to understand that TBR is disappeared if the interface is a perfect contact. However the
recent studies show that TBR still exists at an interface by the different materials even though an interface
is epitaxial in the viewpoint of an atomic level. The history to grasp the mechanism on TBR is fairly
long and the various theories were developed to explain TBR qualitatively and quantitatively such as
acoustic mismatch model (AMM), acoustic impedance mismatch model (AIMM) and diffuse mismatch
model (DMM), however any model can’t analyze TBR quantitatively.

This study is performed to clarify the above mentioned microscale heat transfer phenomena using a
non-equilibrium molecular dynamics (NEMD). Solid argon is selected as the simulation material
because it is the typical material represented by the Lennard-Jones potential, which is the simplest
intermolecular potential. Moreover there is no need to consider the contribution by the free electrons to
the TC since argon is a non-conductor electrically, which means that the energy transportation is caused
only by the lattice vibration, that is a phonon. Two systems with the different boundary conditions
(BCs) are prepared to investigate the effect on a TC by these BCs.  One system is the fixed length to the
direction of a heat transfer but the directions perpendicular to that are the periodic boundary conditions
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(PBCs) and the other system is 3 dimensional PBCs.  The simulation results are carefully compared with
the experimental results if possible.
The detailed descriptions will be given in the text of this thesis, however the main results on a

microscale heat transfer phenomena in solids are summarized shortly as follows ;

® TC is dependent on the internal pressure of a solid system. The higher an internal pressure is the
higher a TC.

® TC is independent on the interval of a temperature control to develop the internal temperature
gradient.

® The boundary conditions don’t affect a TC and the results by NEMD essentially contain the size
effect although the system is set as 3 dimensional PBCs.

® TC is independent on temperature gradient so long as a temperature difference is lower than 30 % of
an average system temperature.

® TC is dependent on an average system temperature. TC is increased as an average system
temperature is reduced and the trend of which is well fitted with a theoretical value, T™* upto 15 K.
However it is confirmed that a classical MD can’t evaluate a TC at the temperature lower than 10 K,
at which a quantum effect appears.

® TC is independent on a heat transfer area.

® TC is dependent on the length to the direction of a heat transfer. The longer a length is the higher a
TC. Phonon mean free path (MFP) can be evaluated by the fitting line of MD simulation results.
The required length equal to the TC of a bulk state is longer as an average system temperature gets
lower.

® TBR at an interface is dependent on the mass ratio and the potential well ratio between two different
materials. The higher a mass ratio is the higher TBR and also in the case of a potential well ratio.
The mechanism of TBR can be explained as the energy reflection at an interface caused by the
discontinuity of acoustic impedance. The energy reflection model (ERM), which is developed in
this study, fairly well evaluates TBR qualitatively and quantitatively compared with any other model
such as AMM, AIMM and DMM.
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Fig. 1.1 Schematic Diagram of Ultra High Vacuum (UHV) Deposition System

(b) Non-epitaxial Supperlattice

Fig. 1.2 Schematic Cross Sections of Superlattice
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Fig. 3.3 dpldr]|,

(Lennard-Jones Potential)
0 (Free Standing State) Broughton
® T (Polynomial Equation)

() =Cy+C,T+C, T* +C,T*+C,T* +C, T® (3.2)

C, =0.096400, C, = 0.054792
C, =0.014743, C, = 0.083484
C, =-0.23653, C = 0.250570

Fig. 3.4  Fig. 3.3 0 (Interpolation)
Broughton
T
1(T)=Cy+C,T+C,T? (3.3)

C, =1.09294, C, =3.73333x10™, C, = 2.26667 x10™°

Fig. 3.4 Broughton

Broughton
250 350

Table 3.1 Physical Properties of Argon and Time Interval

Mass per Molecule (m) 6.634x10% kg
Diameter (o) 34 A

Depth of Potential Well (g) 1.67x10%J
Time Interval (At) 1.0fs
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Table 3.2 Results of Pressure Calculation at Temperature of 10, 40 & 60 K

Temperature | Ratioto | Pressure @
(K) Diameter @ (Mpa)
1.085 102.231
1.090 54.374
1.095 12.126
10 1.096 4.263
1.097 -3.405
1.100 -25.685
1.105 -59.142
1.100 70.257
1.105 35.562
1.110 5.670
40
1.111 0.324
1.115 -21.106
1.120 -44.300
1.115 37.467
1.120 13.912
1.123 0.452
60 1.124 -4.077
1.125 -7.576
1.130 -26.340
1.135 -42.946

*  Intermolecular distance is the ratio to the diameter of Argon molecule (o ,, = 3.4 A).
** Minus sigh means that the system is under the tensile state.
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3.2

1.1.2 NEMD

(3.4) (Fourier’s Law)
g=-A VT (34)
V — i + i + i
ox Oy Oz
(2.16)
(2.17)
Fig. 3.5
(1) )
( ) (Relaxation) (3)
(Transient
State)
Fig. 3.5(a) Fig. 2.5 (c)
0
(Non Equilibrium Steady State)
(Slope)
Fig. 3.5 (3) (dE | dt) 1
Fig. 3.5 (b)

200 ps(200000 At =11s)

1 18
Fig. 36 (@ (b) 24.2 Fig. 2.6
Ein = E()ut 4 Em +Eout = 0
(3.4) Fig. 3.5 (a)
q
A=——" 3.5
VT (3.5)
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Table 3.3

Results of Thermal Conductivity by the Pressure Change

Average
Temperature

Pressure

Thermal
Conductivity

Average
Thermal
Conductivity

Standard
Deviation

(3 GSD)

55 Mpa
(1.090 6)*

1.3575

1.3534

1.3938

1.3422

1.3190

1.3532

0.0816

10K

0 Mpa
(1.097 )"

1.3089

1.2600

1.2851

1.1727

1.2701

1.2594

0.1554

-66 Mpa
(1.105 o)"

1.1085

1.1154

1.1140

1.0960

1.0863

1.1040

0.0375

66 Mpa
(1.100 c)"

0.5689

0.5546

0.5434

0.5984

0.5684

0.5667

0.0618

40K

0 Mpa
(1.112 )"

0.3372

0.4744

0.4977

0.4023

0.4740

0.4371

0.1989

-44 Mpa™
(1.120 6)*

0.3552

0.3537

0.3311

0.3680

0.3748

0.3565

0.0504

o is the diameter of Argon molecule.

Minus sign means that system is under tensile state.
The unit of heat conductivity is W/(m-K).
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Table 3.4 Calculation Results of Heat Conductivity by
the Interval Change of Velocity Scaling

Average Interval of Thermal Standard

Tem era%ure Velocity Conductivity Deviation
P Scaling Y (3 o50)
10 1.2304 0.0917
10K" 20 1.2400 0.1372
40 1.2367 0.1080
10 0.4492 0.1360
40 K™ 20 0.4405 0.1099
40 0.4725 0.2184

* Setting temperature of a system is 10 K, however it is measured to be about 9.2 K.

** Setting temperature of a system is 40 K and it is measured to be 40 K.
***  The unit of heat conductivity is W/(m-K) and it is averaged on ten data in each case.

20 r T " T T T T ]
2N B 10K | ]
£t W 40K | ]
z :
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c C ]
(@] [ ]
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So05F E E _ .
o C ]
e N ]
- C ]

OO . | L | L | L | ]

0 10 20 30 40 50

Interval of Velocity Scaling

Fig. 3.8 Dependence of Thermal Conductivity by the Interval of Velocity Scaling



Table 3.5 Calculation Results of Heat Conductivity by
the Interval Change of Velocity Exchange

Average Interval of Thermal Standard
Tem eragture Velocity Conductivity Deviation
P Exchange y (3 osp)
10 1.0398 0.0436
10K" 20 0.9658 0.0319
40 0.9325 0.0690
10 0.4197 0.0140
40 K™ 20 0.4086 0.0062
40 0.3983 0.0120
* Setting temperature of a system is 10 K and it is measured to be 10 K.

** Setting temperature of a system is 40 K and it is measured to be 40 K.
***  The unit of heat conductivity is W/(m-K) and it is averaged on ten data in each case.
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Fig. 3.9 Dependence of Thermal Conductivity by the Interval of Velocity Exchange
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* V.S. means velocity scaling.

** V.E. means velocity exchange.

Fig. 3.10 Comparison of Thermal Conductivity by the Velocity Scaling
and the Velocity Exchange Method
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Temperature [K]

Temperature [K]
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41

39

Temperature [K]
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dT/dz=-5.5634x10° K/m %"
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Length of Z Direction [A]

(b) Size : 68Ax59Ax55A

Fig. 3.11 Example of Temperature Gradient of 2-D PBC System with Adiabatic Wall
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Fig. 3.12 Example of Temperature Gradient of 3-D PBC System
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Table 3.6 Recalculation Results of Heat Conductivity by
the Interval Change of Velocity Exchange
Average Interval of Corrected Standard
Tem era%ure \elocity Thermal " Deviation
P Exchange Conductivity (3 osp)
10 1.1953 0.0769
10K 20 1.0914 0.0679
40 1.0639 0.1503
10 0.4455 0.0130
40 K™ 20 0.4329 0.0156
40 0.4226 0.0144

Fig. 3.15

Setting temperature of a system is 10 K and it is measured to be 10 K.
Setting temperature of a system is 40 K and it is measured to be 40 K.
The unit of heat conductivity is W/(m-K) and it is averaged on ten data in each case.

Interval of Velocity Exchange

10 20

30 40

50

N
o

=
ol

B 10K V.S [J10K, V.E.
H 40K V.S 40K V.E.

=
o

Thermal Conductivity [W/(m*K)]
©
(6}

o
o

o

10

20 30
Interval of Velocity Scaling

40

(o)
o

Comparison of Thermal Conductivity by Velocity Scaling and \Velocity

Exchange Method with Corrected Temperature Gradient




3.6

( 10K 40K )
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G. Ciccotti © @

NEMD
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R. D. Mountain @ NEMD AT
2 AT
Table 3.7  Fig. 3.16 10K 15K 40 K
Fig. 3.16
AT
15K 30 %
MD
NEMD AT
AT
(3.5)
Fig. 3.12
Fig.3.11 (b)

20 % 30 %

8K
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30 %

Fig. 3.14
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Table 3.7 Effect on the Thermal Conductivity by the Change of AT

Avera * Thermal Standard
g€ AT, AT ermal . | Deviation
Temperature Conductivity
(3 GSD)
2K 1.49 K 1.2416 0.0769
10K
4K 2.06 K 1.2400 0.1372
3K 2.32 K 0.9645 0.1091
15K
6 K 455K 0.9986 0.0548
4K 3.07K 0.4405 0.1099
40 K
8K 6.18 K 0.4253 0.0370

Setting temperature difference between the temperature control layers at both ends.

Measured temperature difference at both ends excluding the temperature control layers.

The unit of heat conductivity is W/(m-K) and it is averaged on ten data in each case.
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Temperature Difference [K]

Fig. 3.16 Effect on the Thermal Conductivity by the Change of AT
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3.7
3.1
(Electrical Insulator)
(Solid State Physics) (Lattice Vibration)
©)
1
A= gCvalp (38)
cy (Specific Heat Capacity at Constant Volume) v,
(Speed of Sound or Phonon Velocity) lp (Phonon
Mean Free Path  MFP) o v, I,
(Debye) 0, =hv,./T
(3.9 T
k,T
N =2 3.9
phonon hCO ( )
T—l
(Quantum Effects)
C, (3.10) T’ 0
127 (1Y
C,(T)= R| — 3.10
-2 1) o
(3.8)  (3.10) T3
T—l
T3
0 0
Table 3.8 Fig. 3.17
18
18x18 3.1
0
Fig.3.17 O Dobbs Y ) Christen ()
Dobbs
8K Christen 6 K [ |

(Error Bar)

3oy,
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Fig. 3.18 Kaburaki @ Fig. 3.17
Kaburaki 10 K 100 K T
100 K
1.0 50 %
9.2
K 770 15K T 20 K Tt% Fig. 3.17
20K 7%
Kaburaki 10K L-J
(Classical Molecular Dynamics Method)
15K
70 K T
Fig. 3.17 ] 35 3
NEMD
Table 3.7 Thermal Conductivity at the Various Temperature
oo |z | s | condutwiy | Doviator
Wi(m-K) (3 osp)
3.60K (4K) 1K 0.25 K 1.3074 0.5437
468K (5K) 1K 035K 1.4920 0.5536
578K (6 K) 1K 049K 1.6090 0.3199
6.39K (7K) 2K 0.75K 1.4108 0.3506
762K (8K) 2K 1.06 K 1.3438 0.1616
8.92K (9K) 2K 1.46 K 1.3542 0.1518
9.19K (10K) 4 K 2.06 K 1.2400 0.1372
1497 K (15K) 3K 232K 0.9645 0.1091
19.94 K (20K) 4 K 3.01K 0.8222 0.1124
29.96 K (30K) 4K 310K 0.5599 0.0494
39.95K (40 K) 4K 312K 0.4259 0.1535
49.84 K (50 K) 10K 7.89 K 0.3306 0.0624
59.87 K (60 K) 10K 8.01K 0.2558 0.0677
69.83 K (70 K) 14 K 11.26 K 0.2258 0.0429

*

**

Setting temperature difference between the temperature control layers at both ends.

Measured temperature difference at both ends excluding the temperature control layers.

The temperature in the parenthesis is the setting average temperature of a system.
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Table 3.8 Area Dependence of Thermal Conductivity of Solid Argon

Average Heat Thermal Standard
Temperaq[ure Transfer Al AT © Conductivity @ Deviation
Area (3osp)
1.7345 m? 4 K 1.86 K 1.2324 0.1097
10K® 3.9027 m? 4K 2.06 K 1.2400 0.1372
6.9382 m? 4 K 2.05K 1.2323 0.0781
1.7810 m? 4K 307K 0.4583 0.1563
40 K 4.0073 m? 4 K 3.07K 0.4259 0.1535
7.1241 m? 4 K 3.13K 0.4191 0.1001

(1) Measured temperature difference at both ends excluding the temperature control layers.
(2) The unit of heat conductivity is W/(m-K) and it is averaged on ten data in each case.
(3) The average temperature is measured as 9.2 K however the setting temperature is 10 K.
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Fig. 3.19 Area Dependence of Thermal Conductivity of Solid Argon



3.8.2
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Fig. 3.20 Size Dependence of Thermal Conductivity of Solid Argon by EMD™?
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Table 3.9 Length Dependence of Thermal Conductivity of Solid Argon

Te?nV:er:lag}[zre lSyS = 1/ lsys @ A® 3 o, 1/4@ 3.0y,
22.38 0.0447 0.5972 0.0483 1.6745 0.1253
44.76 0.0223 0.9663 0.0924 1.0349 0.0903
67.14 0.0149 1.2400 0.1372 0.8065 0.0803
89.52 0.0112 1.4441 0.0586 0.6925 0.0270
10 K® 111.90 0.0089 1.5907 0.1017 0.6287 0.0378
134.28 0.0074 1.7563 0.0681 0.5694 0.0213
156.66 0.0064 1.8596 0.1397 0.5378 0.0376
179.01 0.0056 1.9736 0.1494 0.5067 0.0357
201.39 0.0050 2.0837 0.1387 0.4799 0.0300
22.67 0.0441 0.3168 0.0648 3.1566 0.5360
45.35 0.0221 0.3626 0.1113 2.7579 0.6477
68.01 0.0147 0.4259 0.1535 2.3480 0.6220
90.68 0.0110 0.4529 0.1239 2.2080 0.4743
40 K 113.35 0.0088 0.4588 0.0949 2.1796 0.3736

136.02 0.0074 0.4965 0.1383 2.0141 0.4388
158.69 0.0063 0.4935 0.1309 2.0263 0.4248
181.40 0.0055 0.5121 0.1005 1.9527 0.3204
204.07 0.0049 0.5126 0.2733 1.9508 0.6784

(1) Theunitis A.

(2) Theunitis A™.

(3) The unit is W/(m:K).

(4) The unitis (m-K)/W.

(5) Measured average temperatures are ranged from about 9 K to 10.5 K.

(*) Each is averaged over ten data.

(**) Standard deviation from Eq.(3.7), 3o, .

49
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Table 3.10 Comparison of Ratio of Temperature Gradient (by Theory and MD)

Mass Theoretical Ratio of Calculated Ratio of Percentage

Ratio | Temperature Gradient | Temperature Gradient Error ¢
1.627 15%

1.476 4%

V2 = 1414 1.301 -8 %

1:2 1.292 -9%
1.160 -18%

Average 1.371 -3%

osp @ 0.182 13 %

1.879 8 %

1.935 12 %

\3=1.732 1.420 -18 %

1:3 1.887 9%
1.298 -25%

Average 1.684 -3%

osp @ 0.300 17 %

2.194 2%

1.590 -29 %

5 =2.236 2.602 16 %

1:5 2.102 -6 %
2.124 5%

Average 2.122 5%

osp @ 0.360 16 %

2.261 -15%

3.056 16 %

V7 =2.646 2.929 11 %

1:7 1.733 -35%
2.495 -6 %

Average 2.495 -6 %

osp @ 0.533 21 %

(1) Percentage Error— Calculated Value — Theoretical Value <100 |

Theoretical Value
(2) Standard deviation from Eqg. (3.7).
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3

Table 3.11 Temperature Jump at Interface by Different Mass Ratio
(System Size : 18x18x18)

Mass AT, | AT, AT, éref € é q E @ lei/ ©
Ratio | () | (&) | AT, | aodwim?) | (ao*wimd) | ¢ ’ SERUNIVIY
3.186 | 0.638 | 20 % 6.3780 | 65% | 35%
3.218 | 0.709 | 22% 6.8886 | 71% | 29%
1:2 | 3289 | 0618 | 19% 6.8057 70% | 30 %
3.383 | 0533 | 16% 6.1290 | 63% | 37% | 2%
3.161 | 0.697 | 22% 5.7608 | 59% | 41%
Average | 3.247 | 0.639 | 20 % 6.3924 | 66% | 34%
osp @ | 0090 | 0.071 | 2% 0.4705 5%
3.355 | 0.940 | 28 % 5.1812 | 53% | 47%
3.354 | 0.969 | 29 % 46771 | 48% | 52%
1:3 | 3536 | 1.185 | 34% 3.8996 | 40% | 60 %
3525 | 1.103 | 31% 39273 | 40% | 60% | 4%
3.154 | 1.276 | 40% 40812 | 42% | 58 %
Average | 3.385 | 1.095 | 32% 43533 | 45% | 55 %
oo @ | 0156 | 0.142 | 5% 07616 0.5594 6 %
3.358 | 1.602 | 48 % 2.3437 24 % | 76 %
3.645 | 2.160 | 59 % 41249 | 42% | 58%
1:5 | 3559 | 1.766 | 50 % 25035 | 26% | 74%
3.775 | 1.893 | 50 % 31340 | 32% | 68% | 9%
3.534 | 2.203 | 62% 26473 | 21% | 73%
Average | 3.574 | 1.925 | 54 % 2.9507 | 30% | 70%
oo @ | 0153 | 0.256 | 6% 0.7199 7%
3.685 | 2.641 | 72% 20225 | 21% | 79%
3.715 | 2.442 | 66 % 1.2228 13% | 87%
1:7 | 3954 | 2451 | 62% 23096 | 24% | 76 %
3.665 | 2.218 | 61 % 1.4860 15% | 85% | 13%
3.648 | 2.365 | 65% 21391 | 22% | 78%
Average | 3.733 | 2.423 | 65% 1.8360 19% | 81%
osp @ | 0126 | 0.153 | 4% 0.4608 5 %

D q o is thg av.eraged heat flux over ten data in case that all molecule is identical to Argon.
(2 E,=1-q/q
(3) Prediction value by AIMM using Z, /Z, =

ref "

(4) Standard deviation from Eq. (3.7).

p,¢, / p,c; of Table G2 in appendix G.
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Fig. 3.27 Comparison of Energy Reflection Coefficient between MD Results and AIMM
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AIMM
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Table 3.12 Comparison of Reflected Intensity Coefficient by MD Results and AIMM
(System Size : 18x18x18)

Mass ATy AT, AT, 1 AT, E. O ]| RIC @ by
Ratio | (K) (K) (K) (K) i v AIMM

0936 | 1612 | 1200 | 1986 | 22% | 19%
1.024 | 1485 | 1318 | 1900 | 22% | 22%
1:2 | 1177 | 1494 | 1433 | 1856 | 18% | 20%

1.233 | 1617 | 1454 | 1929 | 15% | 16% 2 %
1.210 | 1254 | 1499 | 1.662 | 19% | 25%
Average | 1.116 | 1.492 | 1.381 | 1.867 20 %
osp® | 0130 | 0147 | 0.123 | 0.124 3%

0.898 1.517 1.242 2.113 28 % 28 %
0.846 1.539 1.201 2.153 30 % 29 %
1:3 0.897 1.454 1.331 2.205 33% 34 %

0.836 | 1586 | 1.240 | 2285 | 33% | 31% 4%
0764 | 1114 | 1.231 | 1.923 | 38% | 42%
Average | 0.848 | 1.442 | 1249 | 2.136 33 %
osp® | 0.055 | 0189 | 0.049 | 0.135 5 %

0.672 1.264 1.167 2.371 42 % 47 %
0.444 1.041 1.111 2.534 60 % 59 %
1:5 0.516 1.277 1.062 2.497 51 % 49 %

0670 | 1212 | 1.255 | 2520 | 47% | 52% 9%
0315 | 1.016 | 0.996 | 2538 | 68% | 60%
Average | 0.523 1.162 1.118 2.492 54 %
osp® | 0153 | 0.125 | 0.099 | 0.070 8 %

0.342 0.702 1.066 2.619 68 % 73%
0.256 1.017 0.926 2.789 72% 64 %
1:7 0.279 1.224 0.951 3.003 71% 60 %

0541 | 0.906 | 1.149 | 2516 53 % 64 % 13 %
0425 | 0.858 | 1.074 | 2574 60 % 58 %
Average | 0.367 | 0.941 | 1.033 | 2.700 64 %
osp O | 0.117 0.194 | 0.093 | 0.198 7%
AT, AT
1 E - :1_ 1 . :1— 2
W £ AT 72 AT

refl
(2) Reflected Intensity Coefficient.
(3) Standard deviation from Eqg. (3.7).

ref 2
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Fig. 3.29 Displacement of Macro and Micro System at an Interface
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3

Table 3.13  Energy Reflection Coefficients by AIMM and ERM
Mass E,® E,® E,® E,®
Ratio by AIMM by AIMM by ERM by ERM
1:1 0.00 0.00 0.00 0.00
1:2 0.03 0.02 0.23 0.19
1:3 0.07 0.04 0.46 0.46
1:5 0.15 0.09 0.70 0.64
1:7 0.20 0.13 0.81 0.76

Q) Using Z,/Z, =m,/m, .

(2 Using Z,/Z, =

P2Cy / prcy -

MD Results by Matsumoto fcc<1003

(Reference System 1)
(Reference System 1)

(Reference System 2)

B VD Results by This Study fcc<111>

B VD Results by This Study
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Fig. 3.29 Comparison of Energy Reflection Coefficient
among MD Results, AIMM and ERM
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3

Table 3.14  Energy Reflection Coefficients by Heat Flux Ratio between
Simulated System and Reference System 1 *

e | B | o | P £ ) | o
1:2 0.345 0.048 1:2 0.052 0.060
1:3 0.554 0.057 1:3 0.167 0.020
1:4 - -~ 1:4 -- --

1:5 0.698 0.074 1:5 0.333 0.045
1:6 -- -- 1:6 0.384 0.040
1:7 0.812 0.047 1:7 0.426 0.047

* Acoustic Velocity, c:\/E:1/£ .
Yo m

** Standard deviation from Eqg. (3.7).

Reflected Intensity Coefficient

Potential Ratio

0.0 2.0 4.0 6.0 8.0
1.0 I T T T T T T T T T T T T T T T ]

Potential Constant
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Fig. 3.31 Comparison of Energy Reflection Coefficient

by AIMM, ERM and Measurements
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Fig. 3.32 Comparison of Energy Reflection Coefficient by ERM and Measurements
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Table 3.15  Measured Energy Reflection Coefficient

Mass Ratio ——— ¥ Increase

1:1 1:2 1:3 1:4 1:5 1:6 1.7
Potential 11 ERC | 0.34 | 055 0.70 0.81
Ratio ' osp | 0.05 | 0.06 0.07 0.05
» 0.05 | -0.05 | 0.24 | 0.41
' 0.06 | 0.03 | 0.02 | 0.03
13 0.18 | 0.17 | 0.06 | 0.27
' 0.02 | 0.02 | 0.02 | 0.01
0.11 | 0.15
1:4 -- -- -- -- --
0.02 | 0.03
0.33
1:5 -- -- -- -- -- --
0.05
0.38
1:6 -- -- -- -- -- --
0.04
0.43
1:7 -- - -- -- - --
0.05
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Fig. 3.36  Energy Reflection Coefficient by ERM and Measurements
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(Virial Theorem)
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A (Face Centered Cubic, fcc)
Fig. Al
W1 Fig. A.2 6 1/2
8 1/8 4 W@ Fig. A2
Fig. A.3 (Miller Indices)

Fig. A.1 Molecule’s Arrangement of fcc Structure

F'iew A-A

Fig. A.2  Number of Molecules within a Unit Cell of fcc Structure
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B (Virial Theorem)
3
L V=r N
iV |14
F,=F, +F
(B.1) F iV F., V
i
2
m :l F'int + Fext
dt
(B.2) i (Vector) 7, (o)
(B.3) (B.4)

t90dt dt

m e d*r m dr, m ¢dr, dr’a’
. 7. e -—— | —
ar

%ﬂrn(ﬂnﬁFeﬂ)d (ri @ Fi +7, 9 F)
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(f =)0 (B.3) i
O O 00
oY% | il Y
6|9 o o0
O G_.;g O O
| o
°0| © oo P°
O . e. 7 _ o 9
Q -'{;}'00 o
o " o2
Q {D@ Q0 o o
00 o ©

Fig. B.1 Cubic System for the Calculation of Pressure
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**

C ( 0 )
Table C1  Properties of Argon from Experimental Results®
(Under Free Standing State)
Temperature Density \Volume Intermoleculaf Ratio to

(K) (g/cm®) (cm*/mole) Distance (A) Diameter
10 1.769 22.58 3.75690 1.104970
20 1.764 22.64 3.76022 1.105948
30 1.753 22.79 3.76851 1.108385
40 1.736 23.01 3.78060 1.111940
50 1.714 23.30 3.79641 1.116592
60 1.689 23.65 3.81533 1.122155
70 1.664 24.00 3.83406 1.127664
80 1.636 24.42 3.85629 1.134204
84 1.623 24.61 3.86627 1.137138

fcc Fig. A.2 (Unit Cell) 4

mole (Avogadro Number) 4

23

6.02214x107 _ 1.505535x10%

fcc 1 1 mole

10 K

22.58x107% cm?®
1.505535 x10%

(149.9799 A°}* =5.313 A

fcc

\5.3132 +5.313% .
. A

37969 _ 1.10497
3.4

=3.7569 A

1/3

(0,=34A)

=1.499799 x107% m® =149.9799 A*
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Table C2 Intermolecular Distance of Argon (under Free Standing State)

Temperature | Dimensionless Results by Results by This
(K) Temperature @ | Broughton ® Study ®
0.0 0.00000 1.096400 1.092940
1.0 0.00827 1.096854 1.093316
2.0 0.01653 1.097310 1.093696
3.0 0.02480 1.097769 1.094080
4.0 0.03307 1.098231 1.094469
5.0 0.04134 1.098695 1.094863
6.0 0.04960 1.099163 1.095261
7.0 0.05787 1.099634 1.095664
8.0 0.06614 1.100108 1.096072
9.0 0.07441 1.100586 1.096483
10.0 0.08267 1.101068 1.096900
11.0 0.09094 1.101553 1.097321
12.0 0.09921 1.102042 1.097746
13.0 0.10748 1.102535 1.098176
14.0 0.11574 1.103032 1.098611
15.0 0.12401 1.103532 1.099050
16.0 0.13228 1.104037 1.099493
17.0 0.14055 1.104545 1.099941
18.0 0.14881 1.105058 1.100394
19.0 0.15708 1.105574 1.100851
20.0 0.16535 1.106094 1.101313
21.0 0.17362 1.106619 1.101779
22.0 0.18188 1.107147 1.102250
23.0 0.19015 1.107679 1.102725
24.0 0.19842 1.108215 1.103205
25.0 0.20669 1.108755 1.103690
26.0 0.21495 1.109298 1.104178
27.0 0.22322 1.109845 1.104672
28.0 0.23149 1.110397 1.105170
29.0 0.23976 1.110952 1.105672
30.0 0.24802 1.111510 1.106179

89



Table C2 Continued

Temperature | Dimensionless Results by Results by This
(K) Temperature @ | Broughton ® Study ®
31.0 0.25629 1.112073 1.106691
32.0 0.26456 1.112639 1.107207
33.0 0.27283 1.113210 1.107728
34.0 0.28109 1.113784 1.108253
35.0 0.28936 1.114362 1.108783
36.0 0.29763 1.114944 1.109317
37.0 0.30589 1.115530 1.109856
38.0 0.31416 1.116120 1.110399
39.0 0.32243 1.116714 1.110947
40.0 0.33070 1.117313 1.111499
41.0 0.33896 1.117917 1.112056
42.0 0.34723 1.118525 1.112618
43.0 0.35550 1.119137 1.113184
44.0 0.36377 1.119755 1.113754
45.0 0.37203 1.120379 1.114329
46.0 0.38030 1.121007 1.114909
47.0 0.38857 1.121642 1.115493
48.0 0.39684 1.122282 1.116082
49.0 0.40510 1.122930 1.116675
50.0 0.41337 1.123584 1.117273
51.0 0.42164 1.124245 1.117875
52.0 0.42991 1.124914 1.118482
53.0 0.43817 1.125590 1.119093
54.0 0.44644 1.126276 1.119709
55.0 0.45471 1.126971 1.120329
56.0 0.46298 1.127675 1.120954
57.0 0.47124 1.128389 1.121584
58.0 0.47951 1.129115 1.122218
59.0 0.48778 1.129852 1.122856
60.0 0.49605 1.130601 1.123499
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Table C2 Continued

Temperature | Dimensionless Results by Results by This
(K) Temperature @ | Broughton ® Study ®
61.0 0.50431 1.131364 1.124147
62.0 0.51258 1.132140 1.124799
63.0 0.52085 1.132931 1.125456
64.0 0.52912 1.133738 1.126117
65.0 0.53738 1.134561 1.126783
66.0 0.54565 1.135402 1.127453
67.0 0.55392 1.136261 1.128128
68.0 0.56218 1.137140 1.128807
69.0 0.57045 1.138040 1.129491
70.0 0.57872 1.138962 1.130179
71.0 0.58699 1.139907 1.130872
72.0 0.59525 1.140877 1.131570
73.0 0.60352 1.141873 1.132272
74.0 0.61179 1.142896 1.132978
75.0 0.62006 1.143947 1.133689
76.0 0.62832 1.145029 1.134405
77.0 0.63659 1.146143 1.135125
78.0 0.64486 1.147291 1.135850
79.0 0.65313 1.148473 1.136579
80.0 0.66139 1.149693 1.137313
81.0 0.66966 1.150952 1.138051
82.0 0.67793 1.152251 1.138794
83.0 0.68620 1.153594 1.139541
84.0 0.69446 1.154981 1.140293

ky-T
pat
(b) Intermolecular distance is the ratio to the diameter of Argon molecule (o ,, = 3.4 A).

(a) Dimensionless Temperature is defined as 7" =



D (Phonon)
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E (Dimensionless Property)

(Principle of Corresponding State)

MD

Table E.1 MD

Table E.1 Foundamental Dimensionless Properties Used in Molecular Dynamics

- - * k T
Dimensionless Temperature T =-2
&
: . . L
Dimensionless Length L =—
O
po’
Dimensionless Pressure p =
&
Dimensionless Density p =po
Dimensionless Energy q -4
&
- - - (a) * _ t
Dimensionless Time t =—
T

(@) The unit of t is second, and defined as 7= mo

_49 AL
At AT
« (AL
=i 7]
(E.2)
A A OVAY
v {q ’(EJ}
(E.3)

(E.1)

(E.2)

(E.3)
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¢ A
*__ g o_ _
e At kg AT
o’ mo? &
£
1= 6_2\/E
K Ve
(E.5)
3.9.1
(E.4)

A =-4 AL Jo" jm
Yo AT kN e

2 4 AL ot |my
2 At AT, |k, \ &

(E4) (E5)

A3 AT, |my
A, AT \m,
1
AT, = AT, |™2

my

. ° ml
94, =q1,|—
m,

} (E.4)

(E.5)
m, m,
(E.6)
(E.7)
(E.8)
(E.6) (E.7)
(E.9)
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F Acoustic Impedance Mismatch Model (AIMM)

AIMM (Acoustic Impedance)
(Mismatch) (Incident Wave)
(Reflection) (Transmission)
), (10), (11) (12)
Fig. F1 x=0 ) o
¢, P2
ym yrf ytr
Vo =Aeplilw-r—k -x) (F1)
y, =A,expli(w-t -k, x)| (F.2)
v, =B expli(@-t+k x)] (F3)
(Continuum) x=0 @ (Displacement)
(b) (a)
Vin TV =V (F.4)
Fig. F2 (Vertical Periodic Force)
b)) x=0
: 0
FPu 5Dt _p D (F5)

ox ox ox
x=0 @) (F.4)

A expli(w-t—k,-0)|+ B expli(w-1+k,-0)]= 4, expi(w-1 -k, -0)]

x=0

Fig. F1 Conceptual Diagram of the behavior of Wave at Boundary
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A +B, =4,

(b) FS) yvu Yy Vo

ayin _

= —ik, A, expli(@-t =k, - x)]
ox
ayrf . .
= ik, B, expli(@w-t + k, - x)]
x
aytr

—ik, Ay expli(@-t -k, - x)]
ox

x=0 (F.5)
—k, AF +k, B,F =—k, A,F
(Wave Number) k (Wavelength) A
k=w/c
—a)EA1 + a)EB1 = —w£A2
¢y 1 C,
T Py
¢ ¢ ¢,
(F6) (F7)
(F7) F
(F.8)
¥ _po
0’x F 0%t
(F.8) P
F N
Forced
Vibration(F )
-f'(} ree, F'(:I-ension)-‘

e
-

X

(k=27n/1)

Foexplicnt|=-F-amf s -F tan &= —Fay

Fig. F2 Forced Vibration by the Periodic Exciting Force
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F

o kg®/m F  N/m®
(Young Modulus) (13). a4) p/F  sec®/m?
(F.8)
o’ 1oy
A A F.9
o*x  c® 0%t (F9)
c= |E (F.10)
yo,
(F9) c
(Acoustic Velocity)
(Disturbance) c
(F10) F=pc? (F.7)
2 2 2
c c c
PG Al+p1 1 Bl:_Pz 2 4,
1 G )
~Z, A +ZB =-Z,4, (Z=pc) (F.11)
Z
(F.6) (F.11) (Reflection Coefficient of
Amplitude) AMP,, (Transmission Coefficient of Amplitude) AMP,
AMP, = B _Z4-2 (F12)
1 Zl + ZZ
A 27
AMP, =% = L (F.13)
A4 Z, +Z,
(Total Energy)
a.yin . .
v:E:l(oAlexp[z(a)-t—kl-x)] (F.14)
(F.14) expli(w-t—k, -x)] 0 1
1
v, =Reliod)=wA, (F.15)

(F.16)
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1 2 1 2 42
—pv, =—pw°A F.16
(F.16)
(F.16) c
(F.17)
%pcszf = %Za)zAf (F.17)
Fig. F1
1Zla)ZAf —lzlszf =122m2A§ (F.18)
2 2 2
(Reflected Intensity Coefficient, RIC)
Z,w* Al
Z,B?  Z,A’
1-2 2% (F.19)
ZlAl ZlAl
(F.19) 1
(4,/4,)  (F13)
zB: . 7, 2z,
Z, A} Z\Z,+27,
zB: (z,-2,)
. _(zl+zzJ (20
1“1 1 2
(Transmitted Intensity Coefficient, TIC) (F.19)
(3.21)
2
= ZZAg - 4'21222 (F.21)
z, A7 (Z2,+2,)
(F.21) 2
2 1
4.7.7
E, :1—(AMRf | At (F.22)
(2,+2,)

(F12) (F.13)

(F20) (F.21)
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(F12) (F.13) Z =7, AMP, =0
Z, =
(Phase)
AIMM
AMIM (Macro System)
3.9 MD
MD
(Pulse)
12x12x42
3
Fig. F4
0.4 Fig. F.5
z
Fig. F5

(Lattice Vibration)
AIMM

AMP, =1
MD
AMP, =-1 AMP, =0
AMP, = -1
AIMM

(Mechanism)
AIMM
(Micro System)

Fig. F.3
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40 fs
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Fig. F4 Movement of Lower Fixed Layers for Pulsation
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G
F
Z=pe G1)
D (2)
€©)
3.9
G1)
(F.10)
c= X (G2)
P
(G.2) Y N/m® (Young Modulus)
G2)
\/7
G _ pz:\/£=\/£ (G3)
€ Y P> m,
i
(G3) E

(Characteristic Time) (12)

s

G1) (G3)
o
(G4)  (F.20)
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S T I
y =( o sz -| —2 — (G5)
Z, +7Z, 1422 1e M2
Z m,
(G3)
(Static Loading
Condition) (Shock) (Disturbance)
(14)
(G5) MD
Table G.1 (G2)
3.9
MD F
Fig. G.1 1K Fig. F4
Fig. F5 z
Fig. G2 Fig. G3
Fig. G3 (a)
(b) 3
Table G1 Young Modulus and Acoustic Velocity of Solids™
, Y p vp O ¢ Percentage
Material (N/m?) (kg/m®) | (mrsec) | (misec) Error
Aluminum 6.0x10% 2.7x10° 4700 5100 - 85 %
Granite 5.0x10" 2.7x10° 4300 5000 -16.3 %
Lead 1.6x10"° 11.4x10° 1190 1320 +10.9 %
Nickel 21.4x10"° 8.9x10° 4900 4970 1.3 %
Pyrex Glass | 6.1x10" 2.25x10° 5200 5500 5.8 %
Silver 7.5x10% 10.4x10° 2680 2630 0.0 %

(*) Value from Eq. (G.2) .

(**) Experimental value under the atmosphere and a room temperature condition.

105



Fig. G3
K
V.
chigh Clow plﬂw = Ciow high
high VIOW
MD
2 2
1 P2 € 1- m,c,
P16 _ m, ¢,
Erf B P, C B m,c
14522 1422
,01 (& m, ¢,
Table G2 (G5) (G.7)
Fig. G4 (a) MD
Fig. G4 (b) Table G2
Fig. G.4

40K
40K

1K fce<100>

(G.3)

(G2)

(G.6)

(G.7)

1%

(G6)

106

40



t Boundary

ion a

10.886 nm)

t and Reflect
d Layers

1Xe

Pulse Moveme

LL
+—
o
[<5]
(@]
X
[<B]
<
=
(@]
c
[<5]
-
=
[<5]
-~
%2
>
N
N—r

1 Snapshots of the

G

i 7

Fig

.:._..rr...:.,..r:.:.r...:.r




Kinetic Energy [*10_18 J]

Kinetic Energy [*10_18 J]

Kinetic Energy [*10_18 J]

0.6

T T T T T T 0-6
',__'>
] 204
o
—
.
] >
o
] 2 0.2
]
RS
] D
£
<
- 0.0
| 10.886 nm |
I 1 1 1 1 1 II
15 30 45 0

Layer Number

Just After Reflection

0-6 T T T T T T 0_6
g 4.2 ps -
=
0.4F > o 04l
S
i Just Before Reflection ] i i
>
0.2 202
Ll
o
)
=
X
0.0 0.0
0
0.6 0.6
';‘
0.4 304
o
—
X,
>
o
0.2 )
LL
o
)
£
%
0.0 0.0
0 15 30 45 0

Layer Number

15 30 45
Layer Number

Fig. G2 Kinetic Energy of Individual Layer with the Time

108



Kinetic Energy [*10'18 J]

Kinetic Energy [*10_18 J]

3.0

o
o

Lower Half (Mass=1.0)
— Upper Half (Mass=1.0)
— All (System)

System Length=10.886 nm
C,y at 1k =2528 m/sec

Time [ps]

Initial Equilibrium Temperature : 1 K

10.0

Kinetic Energy [*10'18 J]

©
o
T

o
o
T

40

n
o
T

Lower Half (Mass=1.0)
— Upper Half (Mass=1.0)
— All (System)

System Length=11.143 nm

2.0 4.0 6.0 8.0

Time [ps]
Initial Equilibrium Temperature : 40 K

(a) System of Actual Argon Molecules

1.0}

0.0 bl

Lower Half (Mass=3.0)
— Upper Half (Mass=3.0)
— All (System)

System Length=10.886 nm
C,; at1k =1260 m/sec

0.0

Initial Equilibrium Temperature : 1 K

Time [ps]

2.0 4.0 6.0 8.0 10.0

Kinetic Energy [*10_18 J]

90 :'|"" RSN BLRLL L BLELLELE B UL BLRLLLE B B I
E Lower Half (Mass=3.0) 7
d — Upper Half (Mass=3.0) ]
: — All (System)
System Length=11.143 nm
. ST et
S ]
] 4.321 ]
00 :.I....|....|....| Laliaal 1 [ | |

0.0

2.0 4.0 6.0 8.0
Time [ps]

10.0

Initial Equilibrium Temperature : 40 K

(b) System of Molecules with Three Times Mass of Argon

Fig. G3 Kinetic Energy of System with Time for Acoustic Velocity Calculation

109



Table G2 Comparison of Energy Reflected Intensity Coefficients based on Acoustic
Velocity Ratio by MD and by Simple Mass Ratio of Eq. (G.3)

Mass Cglo(;gttlc Ratio of 9 Reflected_ _
Rati by MD X) Acoustic Velocity Intensity Coefficient
Corx | Conx @ | Eq.(G3) MD Eq. (G5) | Eq. (G.7)
1:1 2528 2657 1.000 1.000 0.00 0.00
1:2 1623 1706 0.707 0.642 0.03 0.02
1:3 1260 1324 0.577 0.498 0.07 0.04
1:4 1061 1115 0.500 0.420 0.11 0.06
1:5 929 976 0.447 0.367 0.15 0.09
1:6 835 878 0.408 0.330 0.18 0.11
1:7 766 805 0.378 0.303 0.20 0.13

Acoustic Velocity of Argon
with fcc<100> by MD

X Direction, cy; 2056
Y Direction, cy, 2054
Z Direction, c,;, 2301

w
o
o
o

(1) Acoustic velocity is Z directional, ¢, and

the unit is m/sec.

) Cask = C@lK\/

V@ 40K

V@lK

{\/V@‘“’K =1.05
v

@1K

(3) Ratio of ¢ of heavy molecule to ¢ of Argon.
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500 |
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Cat 40 k = 2628%(M;/my)

Cat1k = 2501%(m,/m,)

0.61398

0.61396

Reflected Intensity Coefficient

o
o

20 4.0

6.0 8.0

Mass Ratio

10.0

(a) Acoustic Velocity with Mass Ratio
from MD Measurement

0.25 —

1]

0.20 |

Equation (G.5)

Equation (G.7) |

3.0

5.0

Mass Ratio

7.0

(b) Comparison of Reflected Intensity
Coefficient

Fig. G4 Energy Reflected Intensity Coefficients by Eq. (G.5) and Eq. (G.7)
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