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BB “HHER"

® EEMIERR "FEIEIR" (theory of everything)
Hio ({r}, {R}Y) @ ({r}, {R}) = E® ({r}, {R})

Ne ~2 2 Tre2 Np 22 5
pi 1 e 1€ P 1<« ZiZje
2—1"-52 + Z|I"—R| + Z—I +—2 27

— 2m P |1'q;—l'j| o1 1Ti T 7 2M; 2 7 |Rr — Ry|

electronic part nuclear—electron nuclear part

& BTH Ne FEFZE N, EFRMESE ® BERBLEAFETEAFTE: TEHEMHE
#1 (Avogadro constant) HJEZ (~ 1023) FHFsHIE!

W — LA !
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WRE—RAHERIE L

% HTRFENRELRFREAZV=AHESR, ' ARERENEIERT,
B FIEHL R FRNIEEINE S, EE5R FES—RZAEa s L FEFiab
REBEgT, MEFZUBRZAEIE FHEALE, MREZRESERSN, 'i
MBI E—BAEIRIEW (Born-Oppenheimer approximation) HIE AR, 2

J. Robert
Oppenheimer

RFRENEFREWMILE: my/me ~ 1836,
2t AT MELEHAERL (adiabatic approximation) , Stk E BO IENZEARGE MM ERY_E#E— % 288 T B Fi5 2 B384 H 3
I, ¥ESB M “Ab Initio molecular dynamics: basic theory and advanced methods”, Dominik Marx and Jiirg Hutter
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WRE—RAHERIE L

% HTRFENRELRFREAZV=AHESR, ' ARERENEIERT,
B FIEHL R FRNIEEINE S, EE5R FES—RZAEa s L FEFiab
REBIgH, MEFZUEZAZEFHEELE, MR ﬁEEE‘J:Fi'Jf’EFﬁjJ ﬁ
MEWE —BAFEIA{L (Born-Oppenheimer approximation) HyEZsE48

& SAMERE TR, WRUAARFRZEEARS, MEFERGEHE A

Je p2 Z€? Z17€
Hellrhi (R =205 ot 2 Z e Z|r “r Z \RII—JRJI

_I'J|

Hilt, BMTUBE—RIMEFSREES, B

He({rh; (RDWa({r}; {RY) = Ba((R)U({r}; (R}) ) .
KB B,((R) RERAZFHREIMBEEE (potential encrgy surface, PES) | oo noimer

BT REFHEEERNEHEE.

w FRE—EAEBRILCRNFGRRARAREEZEAMEEE AE EBX!
= BE, RINAXRESHEET

RFRENEFREWMILE: my/me ~ 1836,
2t AT MELEHAERL (adiabatic approximation) , Stk E BO IENZEARGE MM ERY_E#E— % 288 T B Fi5 2 B384 H 3
. ¥ES W “Ab Initio molecular dynamics: basic theory and advanced methods”, Dominik Marx and Jiirg Hutter
¥ 202345 H85H




® EHRBAXEHEMUT, BEIMRENREIHATUSH °
S({r}, {R}; t) = Tu({r}; {R}) - E({R}; 1)

[Electronic WFC] [Nuclear WFC]

© fop, FFRRES S(R) ) HEEEESE
i Z(R}; 1) = [; aar; Vi -+ En((R) | Z((R): )

® Eif—4%, BEFEYRIMET, BIFTIEME Wl (classical approximation) :

OE({R})
OR

MR;=—

3“Ab Initio molecular dynamlcs basic theory and advanced methods”, Dominik Marx-and Jiirg Hutter
2023 4£5 A58
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195550 FHALAIT 0L

& BFHRMRBMEMAEEE SR AR FZEHBEHEXE:

Ne 2
pz Z]e ZIZJ6
R} 1 6
{1‘} { } Z|1‘ _1—J| 2|1‘ R]| Z'-RI_RJ' ( )
& FIIFIEWL (mean-field approximation) {BEREFI— B FRIHEEIE RSN A— TRt
BT LR E 7
Ne 2y
M (e (RY) = 3 2L 4 S5y @)

Ei, MRS ETEL, RBEHEFHETESE, SHFHREREN
2
HI" (s {RY) =+ V() (8)

X/t AL i <7 F ARl (independent—electron approximation)
% JEERIZIEIN (periodic potential approximation) {Ri& V(r) X 2 RI&HIEEAESREL, B

V(ir+Ryp) = V(r), R; = hia; + bag + l3a3 (l; € N) 9)

202345 A58



MRl (Frozen-core approximation)

Energy

- FREEM: BERELTERELLRRHME, ERREMAETHER—H BERAENIEENRTF.
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REHTIE ATl

& A ERAMT =ZMEM:
O WHE—RABRIEM: BRFHRTFZSFLE:
Q TIFIAM: LB TFHIS i) L i A FAE
O FEHBEN: SR FHETSIERMNEAREEGTEN

BT ERR, BIWSRSERFREERHE:

2
g4 v | ) = cur) (10)
2m
V(ir+Ryp) = V(r) (11)
® MEBRTHECIEAFEZRE AR FHEARIEMAESR E. AXFHAEKHEE FEER

SHABRSLNESR, MIHEE EATLUARRES (fH) MZILERNSS (%) A
EIZE AR RER, FTLAXFRIRIERARETIE
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o % ol A 222
& BRE— AR V()

V(ir+Rp) = V(r), R = lia1 + lhas + lzag (l; € N) (12)

LB TR EE FEEEIZAE (Schrédinger equation) 2

h2
o=V V() [ 4(r) = e(r) (13)

2m

'—( TigkEIR (Bloch’'s Theorem) }
® Ti&IFEIE (Bloch's theorem) FRBAE BN (13K BHEF N TR
b(r) = () (19)

Felix Bloch
(1905-1983)

e A
(e +Ry) = e*Riap(r) (15)

He, u(r) B V(r) SEEESHMEREEL, B

u(r + Ryp) = u(r), Ry, = haj + bas + lzas (I; € N) (16)

v X (14)F(15)FRAMIEIELL (Bloch function) iz (Bloch state) | FoiiiR ik
B FRR AT ISR F -

202345 A58



When | started to think about, | feld that the main problem was to explain how the
electrons could sneak by all the ions in a metal so as to avoid a mean free path of
the order of atomic distances. Such a distance was much too short to explain the
observed resistances, which even demanded that the mean free path become longer
and longer with decreasing temperature ..By straight Fourier analysis | found to my
delight that the wave differed from the plane wave of free electrons only by a periodic
modulation.

This was so simple that | didn’t think it could be much of a discovery, but when |
showed it to Heisenberg *he said right away: “That’s it!” Well, that wasn't quite it
yet, and my calculations were only completed in the summer when | wrote my thesis
on “The Quantum Mechanics of Electrons in Crystal Lattices.”

— Felix Bloch

4Bloch became Heisenberg's first graduate student, and gained his doctorate in 1928
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= MigAERERE, AERBERIGRE AR U, ERSRERFPIEE LR FiREHAE
BT, ME2RAREEE, BEREFABREH, MRREREHESHmMEL.

\|Ik1(x) Wy (%)

HHH e

- AR,

w BFHIAARRERKNLEZHERN, R FEEHEEARERLE
p(r+Rr) =¢*(r +Rr)p(r+Ryr)
= u* (e 4+ Ry)ulr + Rp) = v (5)u(r) = p(r)

v g;ﬁﬁiﬁﬂiﬂﬁﬁﬁﬂzﬁﬁﬂi“ﬁ‘]%?, E=X FEAHBATHIRSBARRERRAEK, LR
oy

uSL = e, R (17)

Hp, RULKE e MRS RMMGE R

202345 A58



® MEHERPHTEEERT " RPMEMRFARBEAEENETEAE, MESHELE R
&, AREMRTFHA{SE.

& FHEE u(r) BERRMXNEIRIBHITAS, EEEHESERZEERREEIRS.
Free Electron: ‘ Bloch Electron: Bound Electron:
U(r) = Ae'T P(r) = *Tu(r) P(r) = Cu(r)

& WRHEFHREEN TEREFIREEFZE, EAENAS, BHRE u(r) HiERMEK
BTHRFSREIBEERAMNESS.
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poty AN
FOSRYAVAVA
NYOANVTAVAV)

(a) =uy (@)™

>
B—

N

Y/

IOVAAY

N

\

AL

B - AN #AEHESTERE, defEes IRRiKEBEaFED.
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Tk e 2R 3 — 1

& FEER k, RRFEERAETUAREME, BRIERIBAFEETREM » F4Ri1:

n?
— 5V V) | () = () (18)
) = =T () (19)
V 2&EER, 2R—KEF, RIEFEHFERBEENTREHRYZ2F—H.
& AEREIERSZ B 2EEELR:
altome) = [ ) @) d = b i (20)
all space
= f e Ty (1) €T g (r) dr (21)
N.Q ik "
N all space
Q 2 f e R TR X (v Ry) e RO g (r + Ry) dr (22)
2 BHER L cent
_ 1 {Z ei(kq)-Rz} N, f e~ ik—q)-r U¥ (1) U (r) dr (23)
= NCQ . > c mq
- —° unit cell
Nedig e kY=

2023 4£5 A58



Tk e 2R 3 — 1

& MNFEEN k, BRFHEESAETUGREM, BAERBBFAMEETHREM » KRR

-;‘me + V) | o) = e o (r) (18)
Y (r) = %Veﬂ”unk(r) (19)

V 2REHER vz BA—UETF, FRIERiSHHEEMEENTRENRIZ[R—H.
& AEREMEREZEAREEESH:

<'¢'nk|7/}mk> - NC <unk|u7nk> - N667L77L (24)
—_—— —_——
integrate over all space integrate over one unit cell

v BHERDIEIEEY Vo EENRELRIEFT-H, AR v () HEREHEHR
1

okl = 5 [ o) wkl) = - (25)

unit cell

2023 4£5 A58



B R B AR T 2

& HTHEBNREHFEFHREEY v HEESFE

2
[—%V2 + V(I‘)} Yk (r) = €qxc Yk (r) (26)

202345 A58



AR R A E AR
® DHAEENRENAEEFERE v NEEIEHE
ﬁ2
[_TV2 + V(I‘)} Yk (r) = €qxc Yk (r)
m

MAAK

V2fg=V - [Ng+ (Vg = VI Vg+ V3g+ (Vg + Vf- Vg
= fV2Zg+2Vf - Vg+ gV2f

veikT — ,l:kez'kr V26ik~r . eikT

(26)

(27)

(28)
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AR R A E AR
® DHAEENRENAEEFERE v NEEIEHE
ﬁ2
[_TV2 + V(I‘)} Yk (r) = €qxc Yk (r)
m
BATATIAEE]

v? [e’k'runk(r)] = e*TV 2y, (r) 4 2ke® TV (r) — k2 e TV uy (1)

_ ok [v2 + 27k — k2] Unk(r)

(26)

(29)
(30)

2023 4£5 A58



FEM R AAET 2

& HTHEBNREHFEFHREEY v HEESFE

2
[—%V2 + V(I‘)} Yk (r) = €qxc Yk (r) (26)

w TR, RN(20) BB FHERAREMT — M RIEA AR v AR

2
_2% [VZ + 2%k — k2] i (r) + V(£)unk(r) = &kt (r) (31)

%(—Nﬂsf + V() | w(r) = () (32)

w RAELO DNREFHIAE(26) TR T RB— M RLIEA LN REFHIHE(32)!
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ik E IR IERR

& MF—MEX R, EX—NMEBEF Tr, HHEREH

Tr flr) = frt + R) (33)
EhBEFREFGEEFANNEN. RNE
Tr - Ho(r) = H(r + R)Y(r + R) = H(r)(r + R) = H(r) - Trp(r) (34)
ERIMEZ RS, Fk Tr 1 H 233589, B
HTr = TH (35)
tesh, SHFEERDFEBIRME Tr 1 T, BI1E
TeTr¥o(r) = To TrYo(r) = ¢(r + R+ R) (36)
Et, FEATRTLLFE]
TeTr = T TR = Tr4+R (37)

w X (37)FA(35) KM H MAEFBENTR EFLELRMES, B

Hip = et (38)
Try = C(R)Y (39)

202345 A58




ik E IR IERR

& RIEX(36), HATATLUGE]

CR)Trr9(r) = C(R) C(R")3(x)
T Tatb(x) = = CR+R)=CR)CR) (40)
Trr ¥(r) = C(R 4+ R')y(r)
F2, BRNTUEE
C(R) = e*R (a1)

3 .
RIBHED R VBBEAR S, k WIRE: k=), b,

=1 """
= FRENATUGEREHFEE:

Tri(r) = ¥ (r + R) = CR)P(R) = e“ Mo (r) (42)

w B u(r) = e ®Tp(r), MATLGER u() 22— EHEEY:

Tru(r) = e TRy (r 4 R) = e OFR) ARy () = o(r) (43)

202345 A58



ik EE S SIERA

& HTFFBIRE, BEAREMLZIRIENEAPESRY, B

p(r+R) = p(r) = [o(x+R)* =

ik, REHMEETFREE () FHiZRE—BM, A

P(r+R) = e?®y(r)

& FIRHE-LE - RIIEBEBREE, RINATUEE

Y+ Nay) = e™M20y(r)
(r+ Noag) = 2002)y(r) =
lr + Naag) = o002 (r)

TR, BIATLIEE

N1

v (r)|?

eiN1o(a1) —
eiN2o(az) —

eiNsd(az) — 1

#(R) =k -R= [—b +Vb2+—b3} ‘R

202345 A58

(44)

(45)

(46)

(47)



iR x k

& WEMHEEIIANT —MEX k, METFEBEFOAEENETY, EYEEXRTIRREZ
B1ER F 3K R AR G AR AL -

Tri(r) = e* Ry (r) (48)
= k WEMERTIARSIEE— B MK

GUFOR — gk (ke 17 BZ) (49)

& EERRFHONY, KK k AABRONERY, Ik HEEASTFOHE. KT, HEHEY
HRRNEEMHRAEEL:

— iV (k) = —inV[eXT u(k)] = Fkep(r) + eXT[— iV u(r)] (50)

w Ebk, hk FARMEHEFRHESSE!
w [Eif, hk XNABHENEN, EEXERFEMIPHEHURERET. X TFHHEEIERM,
hk XEEHNEMIER. Bk ik XEFRABRFH HEZHE" (quasimomentum) FE " RI&E)

8" (crystal momentum) , °

SE#H, g W ARETFHHEEIHNE, 5F (a0 = 0 MEFIRI) REETFHEMHED.
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