MEBT#45,15/10,12/11 /03 THAZ

AT R HEEF

—s=FNFERT NFEOEE—

o TEFHRM - MHIFER

n BIER AR/ EA
B http://www.mtl kyoto-u.ac.jp/users/

bob/Introductions/index.html

Department of Materials Science and Engineering, Kyoto University




Outline

B
| TiDRERE

B MRIERETDIEH (IRREX)
| EIEMRE
mEFIE
B BRET N E
BLUWKE - 5STEY, BRAHAHEEIE2—H
BEITB-> {5
BZHBWED%EHRS

Department of Materials Science and Engineering, Kyoto University




DARXR(BEFETAH/ V)

mEHDER?

B LERADER?
m o, T, RKORBDELI

mEFTUNR?

m HBRBE, 1AVEE, EBHEEMDEL?

p KEtE—ILR Y VERE

Wik 2=k % =110 L) e

@ http://www.mtl.kyoto-u.ac.jp/users/bob/
Introductions/index.html

Department of Materials Science and Engineering, Kyoto University




A2 T4 YDA

LR (EOhR, =KEE)

B EEROEBEI/ILLBAMERTOIEDE, FaAY-77 1 DERlIc L 3B
BRIRFRHAETER) NS IND I EZHRAT B/cHIC, PA>adAY
(1907)DMEH U fe th 2=,

m VEDOREDRFHNS BRI EEDIEFIRB ZEEICE—DIRE Y ZH D3N

B ORMIREFDEXRD EHR L, ZOMREZEF M NFEICEK > TED
W®ZIE, EEE/ILLEEE
Cv = 3RfE(HE/T)
EWSETEZSNS. fi(x), Oelk ,
fu(x) = xzex(ex - 1)_ 0, = hv[k
TEZ5N, ENZENTA VD294 VB 7Aoo 1 594 ORERE
< YA

Department of Materials Science and Engineering, Kyoto University



T(FY=—IL>TEALEERE)

o A ZEHEER

m O yhERa(H-1IA)

m BiRHE REOTV—A,
Fit,ov by /NVay
nEETE(ALIE AON)




E 0504

— : ~ THI
Sty NI EME i S— (584 %) 124t

arrIyy
=324

7 b a=E»TL—F A=l XN

ﬁ%ﬁum — /7_”’/5\/&\\
A0 bER

TNI—TL U8

a—ELh—y

—yTINES
XDy
ZyTIER
AN hER.
=h 4
I 70 =X
Rk F2e®
. TJL—LkILE—
i e DAY N
L LR e, ‘ e
t ZyFIEE. ALV MER
XPRYIXr—07 gD Ty Y g =Tt Ay
PAAY
el sl R
—yThEE - o ; .
EEQLTLy YT RY \ EEQLTL oy TL—RKR—>

EEI-TL oyt TL— kA= B




S

 EF A 1999%11A15H

o et b

.............

H-IO 4y 85 #
T2 LE-TOE
=51k

® http://
www.nasda.go.jp/
Home/Press/Press-p/
199912/
h28 991207_f0O5_j.]

=3
.

° ?T'EJ:(TEFHWOMH
* FHFEE 2000{=M

I &g

E(S)

I &g

A N KED L
A rEEnEhE

AR 1Ak ER N OB & 5% 18 HETE (1 B

[NE RN

= ==

i <ire iy S ES) w4




S

o et b

I Lidr GHr OLH: # 2 MIEY

Il-l
L]
| meinEs
| #
it 110

,_.f:;_..:rﬂl'i!.-'-..'ll'i-'.f\}lﬁ {1[ u;'i]' ]

O LW GHe (LOXKF - MEE)

!

i

o 3 i
t—I
] B

—_— rﬂ_

2

e

t B |
e FIWMRE

4 ¥

i
E_F-;EH NP7

ERRH D

) LHeREGH:
G LOX RGO
RS0

] IEH el

Lo - ENE R
LHr . #feddn
Gile @ B2
Gy -MRTA
Glie @ AU FLAE

b

1

= ==

NC




7] S

SR Gl " et +

.............

FTP4 T a—HEDOREIKR
AT 21— RIEERD 1 DD ME
(a2 : EE2. 1 ZB)H., |’FH
BIETHHEFH|EENT=, FEFHH
HICHBICERbNSANS A I —

AVEDRHEBIRERNS., £
BB R TIXE SIS
#p P E M TR UIRLEZ LI T DL
SICEEL,

Z o NEH  ZaMPa

B ir#RVIRLEL: 105 [EITRE

http://yyy.tksc.nasda.go.jp/Home/
Press/ Press—p/ 200003/
h28_000317_f01_j.jpg

[NE RN

=

EE2 1 FIP4»Ta—H%E ¥EE

S ={l= i <ire iy S ES) w4




ZE, B e
mMg(1.74) 649K
m Al (2.70) 660K
mTi(4.5) 1670K
mFe (7.86) 1536K
®mCu(8.93) 1083K
®mAu (18.86) 1063K




M ERET DTS

B8 %

H1 . ; He?
N (FEECRIE D PR T O SEETAE)
_\
. % % " BRFBLUOL T OBFRELZRTRETIE2VTL 192
D FTRCOMBR % T FHEEOBREFICE W TR
W o oot WA % TR ﬁﬂé 1—-‘ 65 s !N" los Wp Nel®
bNTWa3., XFs, p, d i3 & ZHA & T 208
\\ . fe—2v10,1,2,2b > T BETFERT., XF 2s220 bostznt stz bossapilsizgt] 252206
— £3
. DEMOBF RIEOERTFHATT. #H kot faorfr 2 TP TS AT
3 H 15 16 17 18
n Nat IMg2| s 2 T B R A [si Jps s Jei? JAr
3s 352 3s23p | 3s23p2 | 3523p3 | 3s23p*] 3s23p*] 3523p¢|
] |:|:| EH {i % K©o |ca [sc [rizz [ves | crs [mnes| Fezs [cozr |Nies [cuzo| znw [Gaot [Ge2 [asss [se [Bres [Kess
=1 e 3d |a@ |3 |3as |3as |3 f3ar |3as |3are [3are
4s 45 |42 4 a2 |as  |asz |42 |as? |ast |4s  |4s? | 4s?4p |4s?ap?|astap3|astapilasiaps] 4staps
Y Rb37|Sr38 y3® |Zrfo IND#1|Mo*2| Tct3 | Rut |Rh#5 | Pd4s | Ags7| Cd48 | Int® |Sn0 [sbst |Tes2 158 |xe>t
. Il_,\ >( 4d |4 |ads |aas |aas |aar |ade [ado |ade |age
S s s s |5s |ss |ss |ss s |- |ss |5 |5e%5p|sstsp?|ssispe|ssspifssispe] ssespe
Cs% | Bass |La®7 [Him2 |12 [ws [Rers |os7e Jirr [Pt Jaur [ Hgso] it [Posz [Biss [Post [atss [Rnse
a4
54 |54 |54 |5a¢ |sas |sas |54 |5a° |5 |sdw
6 |62 |6 65 |65 f6s2 |62 fosz |- s |65 |65 |6s26p |6s26p2)6s26p3|6stept]6steps|6sr6ps
Frs? |Ra® |Acs?
Ced® [Pr” Nd®® | Pmé1[Sms2|Euss |Gd® | TbeS |Dyse [Hos” JErce | Tmeo | Yb7o fLu™
6d LA AR A A A VA LT LA LT DA G A LT T
75 |72 |72 54 |sd 5d

s
Department of Materials Science and Engineering, Kyoto University

652 |65 652 652 652 |65 |65 |65 652 1652 1652 652 652 1652

ThBO ‘Pan U92 Np93 pusu m95 c"‘% Bk97 cf98 &99 Fmiw Mdl()l Nolﬂz Lr
- 157 Ise s s s lse
6d 6d

752 |7s )7s® 752 §7st |7st J7s?

103




IREER](7K)

| ISP W _
I
2 |
R =8 1 |
|
H I
|
0.006} —————= |
i 1
I
200 1,300 o 400
@73.15) (273.16)  (373.15)
BE /K

Department of Materials Science and Engineering, Kyoto University



IRRER|(RFR) -RFHA-

300000 T e d 4 4
~ R S S A 4
HFArEYK M L
+ EEETEME ,
Wi

0 1004 2000 3000 40000



TilZ¥EH B (a) bee, (b) hep, (¢) WHEF




IKRER] (a) 7K, (b) Ti

(b)

! I 155K A

| HiE o

| o

| >

| l:'!.' 1TO0K Skbar
i (i

| 5

| =

| L

|

|i L
200 Tff Ty 300 ‘[{ 400 E"Elﬂﬂl'h : - —

@73.15) (273.16)  (373.15) 1bar
HiE /K

PRESSURE —

Department of Materials Science and Engineering, Kyoto University



TEMHE

0%??:1?& if
HIETNFE =
i
0
MatEBNFE
y (57 #NE)
] EFHh%
N Y N R O
nm 11 mim m
EIOEN

Department of Materials Science and Engineering, Kyoto University



£FNF

aalbTa o —FAREKXNDES
n {EEHE B DIEEIR

alXhETETIL
BTIOE—FEGEHER

LL

Department of Materials Science an




A\

COE:Y:
= B(KEEET, HE

B

%

gl

(LLhgk
Sk
F o

a2 7k UBREL
o BT 0= 1 (dual ity)
(de Broglie,1923) de BroglieMREARE ~
= EFREH (1927 o
Davisson & Germer) - :p/*
= MEH ’ If’égg
® Schrodinger/F F2 =t S
(1926) hh=h/2n

h PlanckE#%&

\.

y,
Department of Materials Science and Engineeri

ng, Kyoto Universi



Schrodinger /7 23X

BEH(TFHR.32EBBLTEHNSA)

Department of Materials Science and Engineering, Kyoto University



I
. . L. . . . . NYOTO 5 JAPAN/n
Department of Materials Science and Engineering, Kyoto University O

25 >
YDED >



B IE B (— RoTsRAF IR ENF)

O 7|_:7__.\/:/"V)l/ E s Y4

RV e I = Ry
\ N .

£, = (n + %)ﬁm, " w0

Eo

n:O,l,z, mmm \/




o ]

tFEEDNER(RT v ILEHEENR)

AT A

v

Free atom A Free atom B AB diatomic
molecule
2
2
H ll) A = € ll) AR e Linear Combination of

Atomic Orbitals
_ ] B LS
wAB —CAIPA -+ CBIPB [RFHIBDHREES



B/ E RFAIENDEE
(H - E)(CA(PA + CB(:OB) =0

( H,, - E H,y - ESAB) (CA) _ 0
HBA o ESBA HBB - L

Haﬁ =f% quﬁdr
Saﬁ =f§0a§0/3dr

Cp



i)

JFESEA(ANRINL)

Eevel
WA YR
EaB
, A
\ ,
+
Y AB
.+
Eap
O—0
\H\S;\H\
A B



{LFHER DI

nEFHEOELZYGEEER)
nHEFES
I4#/%

nEEES
lTﬁﬂ&,ﬁ%

nZDDIBEIERF
BI7-TI D=L AN KEFHE(FESSE)
m 3 BN, ENHEER(RRFHR

Department of Materials Science and Engineering, Kyoto University




il
HEES AAXEE EEEE
ABF ABF ABZF
ABEF
INE . BET T ot \  BET AT . T

e L 5

Ly B ' y R
== \
h *—e e—=@

ZIRFDEIC FADRFIC




HEIRIF—

EaEM DR IKTFINE
A
T %R FRE IR F [ EE Rt
®
@
BREIRINF—

(b)



ThETIV

d

SR
ANYOTO 5 JPAN /.
=

Department of Materials Science and Engineering, Kyoto University OO/VDED 7



TIOEFIREE

n=1

n=2

n~10 23|||| IIII >
>

WA
..& f\—'

Energy level

DOS (states/atom/Ry)

-0.4

i
-(0.2 0
energy (Ry)




IKRER] (a) 7K, (b) Ti

(b)

! I 155K A

| HiE o

| o

| >

| l:'!.' 1TO0K Skbar
i (i

| 5

| =

| L

|

|i L
200 Tff Ty 300 ‘[{ 400 E"Elﬂﬂl'h : - —

@73.15) (273.16)  (373.15) 1bar
HiE /K

PRESSURE —

Department of Materials Science and Engineering, Kyoto University



TiDHE I RILEF—DRTEIKTE

-6.2

-6.3

6.4F

-6.5

-6.6

p=-dF/dS

F=E/x

p=-dE/dV
hcp

-6.584F

-6.585

| | | S
0.97 0.98 0.99 1
Q/Q



VAT N

nBMRE, AR=
aNFEINFE

AFA AL UETIL
m LEE

YANN Y

Department of Materials Science and Engineering, Kyoto University




Eaags bl 70—
SEMo I DAY EI9D0D
) f\?ia)ﬁf_ﬂf ﬁﬁﬁﬂ?ﬂ7§1’§ Z'ﬁ'o
Oibto(vlj‘*-y Flf‘y?ﬁ?ﬁ@%
HERIERR(CIIERTEE EA.)

k ‘??i‘ 57:177_; I/\/E.l/:;{’j‘ T =

AT LS BE 5=

857 LE =94 = . -
AP _l_ .
TR (m =01 .06m /B8, Gcm/zriﬁ:@ map, 5mm)

R \EY. BIPHSIr L T—FT<

HEIDETE A S A BREIESRCREL. #E DETFREBOLLNY A TTT . ZRABS
EL<ABDSBEENEZET, H-dayJncd,

Department of Materials Science and Engineering, Kyoto University

) VOTOQ;{‘ JAPAN /o

@) )
25 5
/\’DED >



SFBHE

m NewtonDEEIHER

m Lagrange h%
Hamilton 1%

m Nose-Hoover 1%
m T/ AYIDER

Department of Materials Science and Engineering, Kyoto University




+/ ARIIDER T A L—3 Y

ERK - I - TIIEmEE,
BRK - T - '::"éaﬂ"":f'ﬁf = fe it

JRFEL : $930073 (3M, 3x10/6)
ATERER
Pentium4(3GHz)x#940H

Department of Materials Science and Engineering, Kyoto University



Department of Materials Science and Engineering, Kyoto University



T TAIILOMOYVYIEalb—r3y

a JHIREMNSDLDOIRILF—ZEZFR
LT, HET DD S LVIKEE
RREERKRSETIL

= {3 FH ZE ]

n o (BEEEFELIE)

o Elt— LAY RRE
= CPUELE, BCHR

Department of Materials Science and Engineering, Kyoto University



simulated annealing(1)

B
B KEE—II RV BB B
REDARG.

8 KEE—IL AT EEEL HHED
SHEL T DD DEZEXR42E8
<OTTEDHICR>TKHREDRE
2 RKOSRE.

®m simulated annealing;x(BEE/nEL
B SR EDOERUMIBNSDIEHETH
(FEN/=EV 4.

Department of Materials Science and Engineering, Kyoto University



simulated annealing(2)

B 7IILTUX LA
I & a ZIRE UE@@) 2K 3.
2. a5 FTZUESTEE a + da Z1ES.
3. AE = E (a+ da) - E (a) =K 3.
4 AE<Q o BitEZz AT 5.
S. AE>Q BRSFcREEE%Z exp( - AE/T) DHEERT
T ANDS.
6. FIE2LL T ZEHROIHHEDRT .

Department of Materials Science and Engineering, Kyoto University




a=[1,2,3,4,5,6,7,8, 9, a+oa=[1,2,3,4, 10,6,7,8, 9,
10, 11,12, 13, 14, 15, 16, 1] , 11,12, 13, 14, 15, 16, 1]

] < A ] g ;;L

E(a)=9.6013 E(a)=9.5595
. BeiE a ZIREUE(@) =K 3.

]
2. a5 I IUE--KHE a+ da Z21ES.
3> AE= E(a+da)-E (a) Z2K&5.

4. AE<0RSFICREEEZRAT 5.
5. AE>0 THHIEIBRECEZ exp(- AE/T) DIEERTXRITANS.




o O O

Department of Materials Science and Engineering, Kyoto University

NGYOTO 7 JAPAN
-

@) )
25 5
YDED >



s RTUVYILDRETEL
> %

R

() (b)

Department of Materials Science and Engineering, Kyoto University




B IE B (— RoTsRAF IR ENF)

O 7|_:7__.\/:/"V)l/ E s Y4

RV e I = Ry
\ N .

£, = (n + %)ﬁm, " w0

Eo

n:O,l,z, mmm \/




E=3N(n)ho -
3Nhw

hw

BT _q

2050

Energy [eV/atom]

€

C, =,—
V \ aT/ 0 e 200 A00 400 bon GO 700 RO
Temperature [K] o %

o)

@) )
25 5
YDED >

Department of Materials Science and Engineering, Kyoto University



Einstein® T JILDETEFHE R

(OE\ Diamond(8e=1320K)
T
a1’/ ,
6 _
5 2 % d I
= 3NkB = - R .-*'Lff
B / L \ 'éa };f |
kekBT _ 1} :S 2 jf ]I
S 1 AR
hao 7 B
HE = k_ 0001 02 03 64 05 08 07 08 05 10
B T/ép
Or
gk (O €T C,= 3Nk
B\ 1) ( a3 )2 Dulong—Pet it ;%A
el —1



A

Fx S N T=3R&E

B bee-TIDETET
n fHZERE

ILJ\

o ‘fﬂ’ﬁicﬁxﬁt
k=

s 4 F ?4
Department of Materials Science and Engineering, Kyoto University




MBITFREOFEIZEL L

mHUWESE - 51EP, BR5A#EIEEIYE1—FD
ARITBE-> TN
m WEB, EF#&, Maple
mRABVWEDZRS

mET =
mIlLobhOy, 7x/Y
mETHE BRETHE

o YR, By

Department of Materials Science and Engineering, Kyoto University




