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Dynamics of ultracold atoms

TITLE in the amplitude-modulated optical lattice

NAME Tomotake Yamakoshi

A great deal of experimental and theoretical investigations on ultracold atoms has been done since
the experimental realization of the atomic Bose-Einstein condensation (BEC) in 1995. Recently,
ultracold atoms trapped in a parabolic lattice have gathered attention because the system is
thought to relate to studies of quantum information. One of the interesting research subjects is a
coherent manipulation of wave packets with an amplitude modulation of the optical lattice.

In 2012, the Arlt group at Aarhus university succeeded in coherent production of (the) localized
states with BEC in a parabolic lattice experimentally[1]. However, there is no theoretical
investigation which describes such manipulations. We thus study theoretically the dynamics of
non-interacting Bosonic atoms in the amplitude-modulated 1-dimensional parabolic lattice in the
limit of zero temperature. This thesis focuses on coherent productions of excited wave packets with
the amplitude modulation and dephasing of the wave packets under the influence of the parabolic
lattice. One feature of this thesis is that, to study the dynamics, we use a massive numerical
simulation with 216 basis functions.

This thesis is constructed as follows. Chapter 1 introduces the overview of the thesis. Chapter 2
introduces some historical background of BEC experiments. Chapter 3 reviews theoretical
description of single-particle states in the periodic potential. Chapter 4 introduces the experimental
procedure at Aarhus[1]. Chapter 5 analyzes the excited wave packet production process. We show
that the excitation process is described by the multi-level Rabi oscillations, and demonstrate how to
optimize the excitation process. Chapter 6 analyzes the free propagation of the excited wave packets
with a classical model. We demonstrate that classical trajectories describe the motion of the excited
wave packets well. The wave packets reveal higher order Bloch oscillations. The parabolic potential
causes the transition between two neighboring bands(Landau-Zener transition) and the transition
rate depends on the position of the wave packet unlike the case of the linear potential. We show that
this effect causes the wave packet to collapse rather than to induce natural dephasing when the

parameters are the same as the Aarhus experiment[1]. Chapter 7 concludes the thesis.

[1] J. F. Sherson et. al., New J. Phys. 14, 083013 (2012); P. L. Pedersen et. al., Phys. Rev. A. 88,
023620 (2013)
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gboboooboboooooboooobobooobobobooobon.

2012-201300 Aarhus 0000000 BECOODOOOD [17]00,0000000
Jgjjdddoddogogoggggg,bbbbobobbbbobbobobbobob. o0
000000000 BECODODOO,0000000000000D000D0000. OO
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013 (a)000000000000000O00 BECOOOO. O00OO0O0OoOO
0000000000000 0000O0.(b)00D0O0ODOD0DDD0OODOOOODO
gpooooo.

g, 0o bobbobbbbbbobbboddddooooog
gogooooa,bbobobobobooboobbbbobobbbbobbbobobbbbbobb.o0od
0000000000000 g”Pump-Dump’000000000O0ODO, 00000
goooboobooooooubb. bbb oobobooood
goooodooooooboobobo,ooobobbobbbbbbobbodddd0uooUoog
ooboooboo. obbooboboobobooobboooobo,booebOOnOO
0000000000000 D0O000D00D0. 0000 AacrhusOODOOODODOOOOLL
00o00o0o0o0ooo0o0oo0ooDOoUoO00o0 A)O0ooDOoUoOOoDoOooOoUoO,BY
ggobobbooooooobooooobooo.
goooboobobooooobobooooog,bbbobobodddgoouoooon
gooobobob. oooobbbbodooooobbbboooooobobbboooo-
000 (8000000, 00000000o0o0oooo0ooooUooooood
000000000000, ODO0O0000)’single-Q RabiOO0700000000O
Jgjjddooggogogg. bbboobobbbobbbb, D00 oooOod
gyjoddoodduoodggg. bbbbbbbbboL, DDLU UODLOOoUOOn
gobogogobooooboooobo,0boobobooboboooboobobooobog
gg.
gdooud,boddoogbobbbbboooouobob,0doooobbbobooo
gogooobooobooooo. bbb ooboboboooooobobLbbboooog
ggo,goobooogoooo. obbboooooboboooooobo,0bboood
O0000,0000000000000000D000D0000. AarhusOOO0ODO0O,
0000000000000 HambrugOOOOOODO [19)00000000. 0000
ggodooooooooboooboo,bbbobbbbbobodddooooooog
00000000. 0000000000000 00000O00DO0DOO0ODOO0OO (OO0
00000)0000000000O0000. U00000 AarhusO0O0O0OO0OOOO
gogoboooooboboodoboobo. bbb obboooobbooobbooooo,
gogoobobobooooooobobob. ooobbobbboooooobobobbooood
goooboobo. ogobbbbdlooooobbbbooooubbbbboooog
O (Bragg reflection), 000 0000000000000 O00O00O0OOO0OODOOOO
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(Landa-Zener transition, LZ O 0)[20)000. 0000000000, LZ000O0O0O0O
oooobooooobooooo,LZooooobooooobooooooooooooooooo
goboboo. bbbooodoobobbuoooobbbooooooboboooaoooboog.
oooo0o LZoboooooooooobooooo,LZogoooooooobooooo
goboodb. bogobboodobbooobbooobboooboboo,uonoon
gboobboboboobuoobodbooboob. oboobbobboobaan
gboobobooboo,booboboobooboboobooboboon.
Oo0o0O000ooooooOogo.o2000,BECOO000O0ODOOOOOOO
ooboooooooo. o3b00ob,00booo0oobooobooooooboOoDboboOoDO
gooogg,bbobobbbbbbobbbbbobbbb. bbbbbobbobooooood
gboboobboobobooboboobo,bboooboooboooboooboaoon
000000000000 D. 04000Avhus00000O0OOOOOO,0000
oobooooooooboooboo. 0s000,000000000000DDODO
gbobooooooobgooboooboooboboobooobobobo.0oe0boOo,0bOoD
gbobodobboobobuodobbuoobboobbooboo,ooboboooboaon
Oo000. 0oooo0oooo0oooo0ooooooooooooO,000oDoo00 LZo
ooooooboobo.ooboovyooooooobo.
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2 Jdooooooooooboon

00000000000000000000 (BEC)ODODDDODODODOODOODDOOOO
O0,0000000000000. 021000000000 BECODODDOO,0 2200
OBECOUODOOOO,0230000000000000,0240000000000
obooOoooobOooOo,0 2500000000000 0O0ODODOOO. DODODO
0o0oooooo [3,21,22]00000000.

21 DODODOOOOOO

000000000000 0000000000. 000000000000000
0 (000000)0,000000000000 (00000)000. 0000000
0000 1/200000,000,0000000,00000000000000000
(Fermi-Dirac) 00 00000. 0000000000000,00000000000
00000000000000000000000000000. 0000000000
00000000000. 0000000000 000,000 100000000.
000000000000000000000000000,000000000000
0000000 (Bose-Einstein) 0000000. 00000000000000000
000,0000000000000000000000,0000000000000
00000. 0000000000000000000. 00000000000 FOO
00000 S, 0000000 L, 0000 /0000000. 000000000000
000000 L=0000,000000000 +1/200000 /00000000 F
000000.000,2K000 190,000 200000,00000 I=3/2000,
000000 F=3/24+1/2,000000000. 000 4%K0O0OO 190,000 21
0000,00000 /=4000000,000000000.
0000000000000000000000000000000000,0000
00000000000000000 (Maxwell-Boltzmann) 0000000, 0000
000000000,00000000000000000000000. 000000
0000000000,00000000000BECOO0O0O00OOOOOO. 00OO
000000000000000000000000000000000000,000
000 21000000000.021()00000000000,000000000
00000000,00000000000000.00000000000 2.1(b),00
0000000000000 0000000000000. 00000000,0000

000 (de Broglie) 0O
h

Nezmrrss M)

00Oo00o0bO00O0o0ObO0DOO0. 000 AhODODODOODMODO0O0ODOkpOODO

Ap =
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00000, 7000000. 000000 (b)00000 (DODOOUDO pKOODOOO)
gogooobobodoooooboooboooooooboooo, oo obooooobon.
0000000000000000 (O0D0D0DnKOOOOO),(e)D0D0O0OOOOO0
goooodooooooboboobobbbobobooo,bbbbbbbdddduooUoog
OO0000O.00oooooo BECOOO.

(a)Particle (b)Matter wave (c) Condensation

¢ )
1| €

High temperature Low temperature

021 0000000000000, (a)00000000000000. (b)000
0000000000000000000,0000000. (¢)000000,000
00000000000000. 000000000000000000000000
O0BECOOOODO.

0000000000000 00000 BECOOOOODOODOO 1041070000
0,00000 103-10®(em™3)00000. 00000,00000000 10*(ecm™3)
0000000000000000 102 (em™3)000000000000O000. OO
00000000000000000000. 000000000000000000
00,0000000 (0000000000 10000)0000,000000000
00000000 (Hartee-Fock) 0000000000000 00000O000O0O0
00000000. 000,000000000000000000000000000
(Fano-Feshbach) 0 000 0000000000000 D0OOOOO00O0OOOOOOO
0,00000000000000000000000O00000D00OA0.

0000 BECOOO,000000000000000D0O00O,0000 HzOO
00000000000000000000000. BECOOOOOOO0OO0O0000O
0000,000000000000000000pwmO0000000000O0O0000
000000000. 000000 CCDOO0O0O0O0O0OONoNONonoooo,BECOOO
0000000,0000000000000000000000000. 000 BEC
0000000000,0000000000000,00000000000 (Time of
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flight, TOF) 000 0000000000000 0OO. 00000000 BECOOO
ggoboooo,bgodobooboodooooobooooo. oo, gbobooog
ggobobboooobbboooboboboooboboooobbbooooboboon.
O00000BECOOOOOOOOOOOOOOOOOOBECOOODOOOOODO
ggjodddoododououogoouo. bbobbbbbobbbobobbbb, o000 ooog
gogooboobo,gogooobbbb,ggoobbbobboooouooobobobbonon
godod. bbbbtbooooooobobbbbuoogdpsbbbbbo,bbboooog
ggobobooooboboooobooo.
goboooboobooobogoo,gboobboboobobobooboboooboooog
0,199000000 BECOOOODOOO [1]00,000000000000000. O
gooooobbooboooooo,bbobooo0oobobbbbboooogo,bbbO
gogoooo. ooooooo, bbb oooooood
gjdddooodououooouououoo. bbbo, bbb bobooooood
oo g,bbbbbbbbbbbbbbbbb.DooooUoOod
gogooo,bggobobobooobobtoooobobooobooboooo,oobboog
000000000000 00000000. D000 BECOODODDODDODDOOODOoDOO
000000000000 00000000DOO0000D00DO0O00,0000 BEC
gogoobobooooboboooobboooobbboooobbboooobobo.

22 0OO0OOO

OoO0oo0O0,000000 BECOODODODOOOOOO. ODoOooopoooo
[21]Section.1, D00 0O [3]Section21.1 000000000. BECOOOODDOOD
1924 0-1925 00 0 OO Satyendra Nath Bose[23] O Albert Einstein[24] D000 0O
OO0000. BeseOOOODOOODOOOOOOOOODOOOEinstem0O00O000O0O
00000000000000 (D0D00D000)000000000000. Einstein
goooooooooob, bbb, ggoguuooooooooon
0000000 (000)0D0UoUoUDUDUOD. 00O 193800 Fritz Wolfgang
London 000 ,BECDO ‘He0OOODODDOODODOOOOOO [25].DDDDDD4HGDD
gooooOoOoOoOoOoOoOO,0000000000000OO0OO0O0BECOOOOOO
gobobooobob. boobbooobbooobbooobbooo,0bbooobo
Oo0000ooooooOooooooooOoOonO. 1959000 Charles Hecht 0000,
00000000000000000000000000DO0O0O0OO0 [26/0000.
Hecht 00 00O 1976 O O William Stwalley O 0 O Lewis Nosanow 00000000
gbobodobbg,gobooobbooobooobooobooboboooboaon
0000 [27)0000000. 0000000000000 000000000O0O00
O000,00 BECOODODOODOODOODODOODODOODODOODOOO. 000
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0000 MIT O Daniel Kleppner,Thomas Greytak 00, 0000000000 Issac
Silvera,Jook Walraven 0 0 00 BECOODOOOOOOOOO0OO0OO0OO0OO0DDOO.
D00000000000,00000000000000000000000000
0 0. 1975 00 Hinsch,Schawlow[28] 00000 0000000000000 000O0O
0000000000.00000000000000000000000000000
O0000000. 0000000000000000000000000000 (00)
0000000,LetkhovO 00000000000 140pK, 0000000 240K 00
00000 [29. D0O0D0DOO0DO0O0O0OO0O0O0O0O0O0DD0D,0000000000000
00.0000000000000000,0000000(30)0,0000000000
000D000000D00000 [31]000000,000000000000. 0000
0000000000000000000000000000000000000000
0.000000000 Lymano 00 121.6nmO00000,0000000000.
00000 1986 00 Harald Hess 0000000000000 (320000000
000000000. 000000000000000000,0000000000
00000000. D0000000000000000000000000. 000
0000000000000000000000000000 s0000000000
Fi1,F,000000. 000000000000 0000000000000000
0000000000 En,Er,00000000D0 (00O000ODODOO0O00OODOOO
Eqn+En=FEn+Ef). 000,00 E;,00000000000000 sO0000O0
0000000000000, 00000000000000000000000000
000000000000000000. 000000000000000000000,
000000000000000000000000000. 000000000ooon
000000000000000000000000,000000000000000
o0o0o00000000000.
D000000000000000 1995000 JILA O Eric Cornell,Carl Wieman
0000000000 8Rb,MIT O Wolfgang Ketterle 000000000 2NaOO
000 BECOOODODDOOOODO [1].00199800000000000000000
OOMITOODODOOOOODDOD BECOOOOOOO (33]0000. 00,0000
BECOODOOOOOOOOOODODOOD,00000000000000. 000000
00000000000000000000000000000D00000000.

23 0000 BEC

O00000D0D0000D0000000000 1990000000 Gilbert Grynberg O
00000 [34] 0 William Phillips 00000 [35)00000000. 0000000
goobbobooooguoobbboooouobbbooooooboboooooooboog
goooboob. oooobobobbodooooobbbooooooobobboooon
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0000000000,0000000000000000000000000000
0. 00000000000000000000000,00000000000000
0000,00000000. 0000,000000000000000000000
(000D0D00000000000)0000,000000000000000000,
000000000000 000000000000,000000000000000
(10"°m) 000000000000,0000000000000000000. 000
0000000000000000000000000000000000000000
0000000000000,000000000000000000000000 (0
2.2)

000000000000000000000000000000000000000
000000,000000000000000.000,00000000000000
00000000000000000000000000000,0000000000
0000000000000, 00000000000000000000000000
000,0000000.1:000000000000000.100000000000,
00000000000000000000000000000000000. 0000
0000,000000000000000000000000D0000000,200
0030000000000000000. 0000000000000000000
0,000000000000000000000. 22000000000000000
000.0000000000000000,000000000000,0000000
0000000000000000000. 00000 1993000000000000
000000 [36),000 19960 [37],1998 0 [38) 000 0000000000000O0
0000.0000 Anti-dot 000 Lieb 00000000 00000O0O0O0O. 00O
0000000000000000000000,00000000000000000
0000000000000000.3:0000000000000000000000
0000000. 000000000,0000000000000000000000
000000000 (000000000000000000)00000000000
0000000000. 0000000000000000,000000000000
0000000,00000000000000000,00000000000000
0D000000. 0000000000000000000000 [39,40]000000
0DoOooD0ooooo.

24 00O0OOO0OO

gdddooooouoooobbbbbbbboooodddoooogooooo.
0o0oUooUooOooOooOo 21joooooog.
00000000000 wOOO0,30000000000000000 V(z,y,2) =

smw?(z*+y?+7%)00000000. 00 7,00000 N, 000000000 4,
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(a) 1D lattice

(b) 2D hemagonal lattice

z,_ e

022 000000OO0OO0OOOODOODOODOODODOOODOO. ODOobOOoODODOO
00000000. (0000000000000 0ODOO,l 000000000 O0D.
(h)OODOOOODOOOOOOODOOD,00000000DO00DOODOO.

uboboodobob nOOdO. O00OOO0OO0OO0DOOOODOOOOOOOOOOOOO0

gooooog
1

exp[(e — p)/kpT] — 1
000. 0000,0000000000 «000000000000000 € =
(ne +ny+n.+3/2)x w 00000,000000000000000000,

fle) = (2)

€= (ng +ny +n;) X hw (3)

000.000 ngny,n. 00000 z,»,:000000000. 0000 70000,0
00 NOOODOOOOOO x0000,0000 fe)OOO0O00 D(e)0DODOO,

N —/0 D(e)g(e)de =0 (4)

O00000.0000 D(e)00UO0O0 e0U e+Ae000DOOODO AeOOODO
odood. ny,+ny+n,=nld00000,00000n000000000000,
O00n0O00n+An000000000OC0O0O0OOOOOO,

n+2C2dn = D(e)de (5)
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ogn

Y

62

D(E):W (6)
000. 000000 NOOOOOOODQOOO e000O0O0O0OO0O0O0OOO0O0OOOOOO
gooddooooo. oooodoooouoooooouoooooouoooan
oo.

OO000000D0ObOO000o0ooOoOo00,000n0 T. 0000000000000
000 NgOOOOOOoOoOoOoOOoO NpyOOOODOOOOO0OO0OOOOO0OO0O0O0. 000
00000 BECOOOOO.O0O BECOOODODOOODOOOOOOOO. 00oooao
0lddddddd0oo0oooooooooooo, TY=00000000000000
oobooOo0obO0dobOOobO0o0obOoO0o0obOobOO0. Dob0bO0obDUObD0 pObOOoNOD
oo00o0,000000b00b0b0oboboo0ooobooogooDooDo, TY=000 =0
00ooooooo. ooooooboobo NyODODODDODODDoODoOoooOo T,000000
do0o000o0ooo00oooooo0ob0o0ooooo0. boooooo r.000000
ooboob0 p=0000. 0000O0O0DO,000DO0ODODOODDOODbDDOOOD
go.oooooon

1 > €
N = g |, i ")
o (kBTC)S > Iz
- 20w03t4 70
3
— SrTeKE)

ooooooboo,w=00000000

kT, ~ 0.94hwN /3 (8)

goodOo0O.doooro¢ooooooooboo,0booooobo.0bobOobooo
00000,2rx100HzO0OOO0O0D 10°00000000000,0000 T, ~200nK
gob. bboogooboooobooobooobbooboobbooboboo,oooog
goobobboooobbbooobobbooooooo.

ooOooboboobooobooboboob. l1oboooboobobooboboooo
ooooooobooo H,OO,

¢n(x):zAnle(\/E%E;)(ﬁq)<—%%§$2> 9)

00000. 000 4,0 n0000000000000000. 3000000000
00000000000000000000.0000000000000000000
0,0000 ¢o(7 0,(FO00O00000)

oo (T) o exp (—?—;#) (10)
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O000O0. 00000000000 ooooooooo,00000 poOO0OO0OO,

ool > exp (L) 1)

00000. 00000000000000 o, =+/A/mw,000000000 o, =
Vmwh/2000. 00000000000000000000 Ap/o, = \/2nhw/kpT
O0000.000000000000000000,000000 ~0.15000000
000000000000000000000000000000000. 000000
0000,0000000000000000000000000000000. 000
000000000000000,000000000000000000000000
0000000000000000000. 00000000000000000000
oooooo.

25 OJOoOoooog

000000000,00000000000000000O000O0O0 (Van der
Waals) D000OO0O00. 000000000000 D-000000000000O0O,O
goodobeU0bO0ODbUO0O. OQ00O0ODOODOODUOODOODOODOODOOD
gogooooobo. oooboobodooooobbobboooooobobLbbboooog
ggoooobboobobodoooooooo,obb e bOO000oOoOog
Jdd. dddd e DD D, D000
gogooboobtnmboooooob. bodobbbbooooobbbbooon
o, 0b0obbobbdo ~100nmO0OOO00OOO0OOO0D. bDO0obOooboobooo
goooobbbboooooooooobobboboooooooooobo. oooobo,
0000000000 0o0ooooooooo BECOODOoOooooooo.

0000000000000 0000000000 g=4rhe/mO000000. OO
0000000,00 00000000 #00000000000000O0O0OO0O
00 (Oo0)é(r—+)000. D0O00DDO0O0D0ODO0O00O0 e00DOOODDOOO
gogoooobb e, ddooouoboobb, oo bbbbbbooa
ggooooooo. ooooooobobobobobbbobbb, 0000000000 od
00000O0oO00bOO0,000 NOODOODODDOODDOODOODOOD 100
gogooboobooooooobbbbodooo. bbb bbbooog
00000,00000000000000000000000U0O0OD (DOUOOOoOo
000000000)000000000. 0000000000000, 0000000
0BECOODOODOOOOOOOOOOOOO Gross-PitaevskiiOOO (GPOOO,00
O0ooOoooooooo)o

“2m

{ "5 v +g|w<f>|2} () = wb(7) (12)
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00000. 000,V 00000000000, 000000000,4(7) 0000
00000000.000000000 N = [|%(A*dF000000000. 0000
000000,0000000000000000000000000000000, 0
000O00000000O0O0oo.
000000000000 BECOO,0000 GPOOOOOOOOOO0OO. OO
000000 NOOODOOOOOOOOOO,00000000000000 Thomas-
FermiOO (TFOO,00000000000)0000. TFO000000000O0O
000,0000000000000000000000000000000. 0000
000000000000000,0000000000 GPOOOOO,000000

agoo
v = 2=0 (13

oooooo. Oooo u—V(F) <00O0OOoOOoDboOooboboooOoboo,O0non
R:2umw2DDDDDD. 000000 ROOODOOOOOOOOObOOoOooOoooa.
0do0ooOO0oO000ooODOO0 ROODDDODOOODODDDOOOODDDOOOO,
R=15'° <&>1/5ar (14)
Or

0d0d. 00000000 NOOOOODDO e0OO0O0O0OO,000D0O0D000000
0do0poo0ooooOo0dooO. boooboooobooooD,b000 RO e, 00000
do0. dooooobooobooooouoo, oo oobbooooooon
0. Tro0000Oo00d0oooooooooodooO,0b00dooo0oooooooad
oo, 0dgoooooooooooon.

OO0000000DO00000o0oO00oo0nD,000bb000D00d0 w, 000 N,
O0de0ddoboooooonoobD. oo oooooobooooo,od
gddodoooouoouood egdoddoddooooooooooooooo.
godoooouoooooouoooouoon (DDDDDDDDDDDDDDDD
000)000000000. 0000000000000 U0D0OO0O00. 00Ooooo
gdooooooooboobooooo,0oooooooobo,toooooooood
gooddoooooodoooouoooooouoo. boooooouoooan
goooobo,0j0doooobbboooooooooo. ooobboooo,o0oo0
dodobooooodooooooooooooobooooo,ooooooooooa
00000000000000000000000000 (0 2.3(a),(b)). 0OOO, O
goodgoon \TT>D |T¢>DDDDDDD.DDDDD,DDDDDDDDDDDDDD
gdoddoooooooooooooooooouooo. ooooooooooan
OO0O000 BOOODOOO [21]0,

o) =an, (1- 525 ) (15
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O00000. 000 é0000,Bp00000,m,000000000000000O
000000. 000,K-RbOOO [41] 00 K|F =9/2,mp = —9/2) O 8 Rb|F =
I,mp=1)00000000,00000000000000000 apg=-185a9, 3100
0000 By=546.8G, 0000 A=-3.6G000. (000 aqoO00000D0,00000
0000000000000000.) 00000000000000 InouyeOOO0O
1998000000000 [42,,00000000000000000000000000
00000000000 0000000000000. 0020030000000000
O00000000000000000000000000000,00000000
43,44 00000000000,000000000000000 [45, 46, 47]. 00O
O000000000000000000000000,0000 [48,49)00000.

(a)non-resonant B*B, (b)resonant B=B, (c) scattering length a(B)
state: "‘ ' ,\01 0000
= ©
uasi-bound state 4
. T 5000
S
> >
= ’ = g) ——wwui
c c
L L 2
state: "‘ f o -5000
=
3
$#-10000

160 200 240
magnetic field B(G)

Internucelar distance R Internucelar distance R

023 (1)00000000000000000,0000000000000000
0O0.00 BOOOOO B, OOOOODOOO,00000000000000000
000000000000000000000000000000000. (b)00O B
000000O000.0000,00000000000000000,00 MO0
0000000000000000. 000000000000000000. (¢) 0
0D0000O000. 0000000000000000000000,00000 +o00
ooooo.

goooboobobooooboboboboooddgooo,ooooggooooooon
gjoddodduoogoggg. bbbbbbbbbbbbbbbbbob,oo0og
ggododoooogogo,bbobobbobbbboobobbbbobbbbbbbbbob. oo0od
goboooooooboo,bbobdouooboooooobobooooobbooooon.
000000000000 0000D0 ¢g00O0O0O0OO0ODDOOO BOjODDOO0OOOO
0,000000 BECOUOOD pljO00000000DOO0DOOOOO0ODOODOOO
0.00000000,0000 (3,21]0000000000.
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3 dooooooooooon

gobobogoobobboooobbbooooboboboooooboooobobooon
gog,bobobbbobbbbbobbbbbbbbb. oo ooOoon
gogooa,bboboobobobbbbbbbbbb. bbb o000 oOooOoa
ggobbooooboboooooobbooooboboboooooboooobbooog
ggoobooooag.

goobobobooooooobbbbdoooo. bbb bbbbooooo
0000000000000000000 VZ2ZO000oooo,o00000 k. =27/Awg
ggoboboogobooogao

B2 92
 2m 92
ooooo.odo ARAmMOOOOOODOOODO,000000,00000000. 0O
00000000000 Y(et)0000000D0O0O0O0OOODOOO,

. d

Zh@Qﬂ(x,t/):Hptl/J(lL‘,tl) (17)
ooo0oodo. doooooooodoooo,0o0od y=k2, 0000 (DDDD
0)s=V,/E,, 000000000000 v=mw?/2E,k20000000000000

gogooood

1
Hy = + Vpsin?(kqx) + Emwga;Q (16)

H:—a—;—l—ssiHQ(y)—l—uyz, (18)
0000000000000 Yw(y,t) 000000000000 0O0O0OO0,
1=y, t) = Hi(y,t) (19)
goooooaa.
gddddoooooououoooooo,boooood ET:hzkf/Qm,DDDDD
k, =2r/A\, 0000 «=2/\, 000000000 t=EFE/AO00000.00000,
000 (Uo0o0),00,0000000000. 00000000, 0000000 E,,
0000 (000000, lattice site), 00000 k., 00000000000, O0OOO
000000 kHzO pm OO0000D0O0O.
gobboooobobboooobbtboooobbboooobbboooobbboooa
oooo,b31000,00000b000b0ob0bOobooobOon
Hoz—a—2+ssin2(y), (20)
0y?
oboob1l10oob0obobooooo,boooobooboboboO0o. boboooboo
ggobbuoooobobboooobbboooobbboooooo.
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o000 3d2000,0000000b000b0bU00OO0DbOoOoOobODboUobDbOoOooo
goboooobooooo. gbooobodoob,gboobobooobobooboooog
ggoobobbooooooobobbodoooobbobobooooo. bbooood
goooooooooobobobobobbob,bbbbbbbbbbddddduooUoog
ggooobooobooooooo. oo ooboobobooooooboboboboooooag
ooooooboooboo.0eb00b0O0bOObObObOODODObbOODO.

o000 33000,0000000000DbD0ODO0ObDOoObO0bL,D0obobDooo
I A A I
ggooboboooooboobod sbbodggooooooooooooob. Ood
gooooooooobbbbbbbbboooddooogooooooo.
ggoboboooobobboooobobbooobobboooobbboooobbbooon
goodo. ooooooooooobb, 0000000 ooood
gooo.

31 0000000000000 000oooooooDon

00000000000000000 1000000000000000.00000
00 [18,52,53)000. 0000000000 000000000000000000
0 (Bloch) D000O0O0000000.10000000000 V(y)=V(y+a) 00D
00,00000000000000

Yr(y) = exp(iky)ur(y), (21)

N0O000000000000000000.000 0000000000 (0000)
000. 00 w(y) 000000000000000000000,k00000000
00.0000000000000000000000000000000000000
0o.
0000,1000sn?0000000000000000000000000000
0000000000000, 00 [18)0000000,0000000000000
Ok =2r/A00000000000000000000000000000000.
000000000000000000000000. »n0000000000,¢q00
0D00,K €Z0000000000000000,000000 ¢y)0000000
Cr(K,q)0OODO.
Pr(y) =€y Cp(K, q)e* Y, (22)
K

OO00OO00OQo00O0. Ob0O0obo0b0 ¢g00O0OD0O0 k. O0Q00ODOODOOD. DODO
gogobobboooooo

ssin?(y) = s/2 — s(e*¥ + e~ 2W) /4, (23)
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0000 (22)00000,0000000 HOOODODOOOOOOOODOOooOoooo

noooo
Hogy (y) = E; ¢4 (y), (24)

000000 KODODOOO
(q+2K)*Cp(K,q) —sCH(K —1,q)/A—sCH(K +1,9)/4 = (E] —5/2)Cp(K, q), (25)

agooooooo. oon E;LDD nUO000,0000 gOO0O0O0OOOOODODO0OO0O.
oo ooooboooooon,ogobooooon
00o00o0. 000 (200000000 FOOOO,

C571;-l-(a—2bcos(2y))F:0, (26)
000000000000000 (Mathiew) 0OOOOOOOODOOOOO. ODOOOO
oo a:Eg—s/Q,bzs/élDDD. gogoooogoooouooooobouooooon
00,00000000000000 [(b)000000. 000000000 (25)000
O0,00000000000000 KOOODOOoOooooo,oooooboooooooo
agoooo.

O000000000000D00O. 03100000 sO000000D0OO0O0DOOO
0,0000000 (000 ¢0-100 1000000D000)0D0O00ODOO. OO
goooooooo, 0000000 oon godooooonoooo. Doooo
oo n000o0oO0,0000ddg0ob0bo0oo0o0obuooo0onobUud n
gooooood (DDDDD)DDDD,DDDDDD

o
A
goo. oog q0 q’DDDDDDDDDDDDDDDDDDDDDDDDDD.DDD
oo, 0b000oog,0ooobobooodooogoooooon.
Jdddodogooooooooogoggdgogd (D 3.1). 0doo0oooogg s= 2
goobooooooonoo, oo oooouoonoa E:q2|:|
O0. 000D gg oo
gooooooooog. ooo s:40DDDDDDDD,DDDDDDDDDDDD
oo doooooooooogoooogoogdad qleDDD q:—l
doodobbooooboooobboooob. oo ooobobooo,o00o
oo oo oo, oo sgg oo
gooooouotouou, oo ouououoouood (DDDDDDDDD
oo K:O,—lDD)DD,DDDD (25)DDDDDDDDDDDDDDDD.DDD
qulDDDDDDDD,DDDDDDDD eYDe WOOODOODODODOODOOOO
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(a) s=2

— 10
L
= 0 :
< 1 0 1
2 (d) s=40
o 40

30 | 130}

20 20 |

S ll—
10 | {10}
0 . 0

-1 0 1 -1 0 1
quasimomentum(k,)

031 00000 s=2,8,16,400000000. 000D0CO0O00OOCOOO
g,0o00oo0obogo.

000000000000000000000. (0000000000 (5600000
0.)0000,0 (25000000,

{q%zxmq)—sCBQ—LqW4 = eC5(0,9) (28)

(g —2)2Cp(—1,q) — sCp(0,q)/4 =eCp(—1,q)
000.0000.(25) 0000000000 (E?—s/2)0 e0000. 000000
D0000D0D0O00. 00000 ¢q=1000,=¢>+s/4=1+s/4000,000
000000D000000000. 00000000000 s000000000000
00000000000000000. 0000000000000000000000
0000,000000000000000,0000000000000000000
0000000000.0000000000000000000. 000000000
0000000000 »00000000.00000000000000000000
00000000000000000. 0000000000000000000,00
00000000000000000000000000. 0000000000000
0000000 E>sO00000000000000000000000000,000
00000 E<sO0000000000000OOO.

000000000000000000,000000000000000. 0 (25)0
¢=0000,0000000000 KODOODOOOOOO (s>>1)00,K00000
0 CR(K +1,0) + Cx(K —1,0) = 20%(K,0)+ C% (K,0)000000000. OO
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000000000 ¢ (K,0)0000 Cj(K,0)0 KOOODODODO0OO0OO0O0O0O00000O
0.00000 (25)0

K*CR(K,0) — sCp (K,0)/4 = EpCR(K,0), (29)

000,000 2/s,0000020000000000000000. 0000 s=16
0000000 Ci(K,000 KOOODOoooooooooo,o32000,00000
00000000000000 (Hermite) 00000000 D0O0OO0DO0OODODOOO
oob. 0booobuoobb gOb0O0Ob0bOO0O0ObUO0ObD. D0ObDbOoOobOO0OdO n=0
ooboooboooobo 33bbu. obboobo g obbooo,0booon
00 Ci(K,q)DUOOOODOOOOOO0OO0O0O0ooooooooo. 0340000
O0g¢g=040000000000000D000DODO0O0OONn=0,1,2,300000
ooboo.ogoboooboboob oobbooboobobooboobbooob. oo
O¢g=00000000000000D0O0DO0ODOODOO. DODODOODOOD
CL(K,q)DO,0000000000000000D000D00DO0O0O0DO0OOD0ODO,O
oobooobooobobooboboo. bbooobboobobooboboo,o 5o
gogooo.

s=16,q=0
(@) n=0 (b) n=1

coefficient
A
o
N
N
A
o
o
N
N

_1 M L M 1 M 2 L
4 2 0 2 44 2 0 2 4
reciprocal vector index K

032 0000 g¢g=00000000000000n=0,1,2,300000000
00 Ce(K,0). 00D00O0O0OD0O0D K,0OODODOODOODOOO. 0000 (290
go,gobbooobobooon.

00000000 (0000)00000. 0000000000000000000
Cp(K,q)0OOD,0 (22)000000.03500,033000000000n=0
00000 ¢0000000000000000000. 0000,000000000
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(b) g=0.4

—_

o
o

105}

o
o

—_
—_

coefficient(absolute value)
A
)
o
N
N
A
)
o
N

o
o

105}

0 0
4 2 0 2 4 -4 2 0 2
reciprocal vector index K

4

033 00000n=00000¢=0,g=04,=08000¢=1000000

00000 CE(K,q).

s=16,0=0.4

—

b) n=1

(@) n=0

coefficient
A
(V)
o
N
N
A
ro
o
N

4

0 o1l_¥.

_1 L L M 1 L L L
4 2 0 2 44 2 0 2
reciprocal vector index K

4

034 0000 ¢=040000000000000 »n=0,1,2,30000000

000 CR(K,0).
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bloch state(real part)

-5 0 5 -5 0 5

position y(lattice site)
s=16
5 (8 a=0 0 (b{g:OA
1 1
0 0

bloch state(imaginary part)

(d) g=1.0
-5 0 5 -5 0 5

position (lattice site)

035 00000 n=000000000 ¢g=0,04,08,1.000000000
¢o(y). 00000 » 000000000, 00000,0000000000000.
00000000000 ¥ 00000oon.

000000000 Y, Cr(K,q)e*fvy0,00000000000000000000
O000.0000,00000j=0y=0000000000000000000 (0
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0000000 jezOUOOUOD)O

.2
ssin(y) (Jyl <)
Viy) = 30
2 {s (otherwise) (30)
gooboooo. oooooo, oo oooodooonDoa
0000000000 (0.36). DODO0OD0O0DO0O0OUOODDOODOOUOOOODOOOOO
000000 (Wannier) 00000. OD0O0O0 sOO0000O0O0O (s>>1)000000
(00000,000000000R=0)00000000000

Eg = /s — 2J cos(mq) (31)

000000000000000 [57. 00000000000 (tight-binding) O O
000000. 000 J000000000000000000000,000000
00o0000000000O000O0O0OoOooO J=(El—-E})/4000000000.
O000000000000000000 (00000000000000)00000
J:fﬁW%JﬁDDDDDD[%yDDDDDDDDDDDDDDDDDDDDDD
00000000000000000000,0000000000000000000
0000000000000, 00000000000 jO0000,

wi(y) =Y e T (y), (32)

afalalals -
dry) => e Twl(y), (33)
J

00000000. 0000000000000000000000000000000
0D0000000. 000000 (035 00000,000000000000000
000000000 Y 000000000000000000D0O (O (22)000).
0000 ¢=000000,000 €% =10000000000000000000
0.03700,03200000000¢=00,000000000n=0,1,2,300
00000000. 00000 ¢=00000000,000000000 00000
0,0000000000000000000. 000000000000000,000
000000 2000000000000,000000000. 00000 ¢=040
00 (03.8),000000000n=000000000000007,=100000
0O00. 000000000000, 00 (00)00000000000 (000),00
00000 (00D)0D00000. 0000,0000 ¢=0000000000000
00000 (000 ¢g=-1,+1000000).
O00000000000000000. 00000000000000000000
000 J=—fw) (y)Huw)(y)dyOOOOOO. 000000000 00 j+100
000000000000000000. 0000 j0044+1000,0000000
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(a)

potential
(0]
wave funtion

OL—— — A
3210123 3-2-10123
position(lattce site) position(lattce site)

036 000000000 0O0OO00O0O0OO0OOO. (a)00000000O0OO(b)ODO
O0.00000 s=16000,0000000 3000.

5=16,q=0
=0 b) n=1
5 (a)n 5 (b) n

bloch state

-2 0 2 -2 0 2
position y(lattice site)

037 0000 ¢=00000000000000n=0,1,2,300000000
¢o(y). 00000y, 000000000.
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s=16,9=0.4
5 (a) n=0, real part

(b) n=0, imaginary part

2 0 2 -2 0 2
(c) n=1, real part (d) n=1, imaginary part

bloch state

-2 0 2 -2 0 2
position (lattice site)

038 0000¢=040000000000000»=0,100000000
¢i(y)000. 00000 % 000000000. (a),(c)000000000,(b),(d)
ooooooooo.

000000000000000,0000000000000000 (nearest-neibhor)
gooobboboo. boooooobboooo,bb,00bbboooooobobooo
gg,b0oooobobobbobbobbbb. bbb o000 oooa
gogooooooooobbobbbbbbbbooodd0ooooooooooooo.
gooooobooooooobbob. oooobbbooooooobobobooood
ggobobboooooboboooon.

32 DO00O0OO0OO0ObOObOobOobOoboOooooooo

0000000000000 0000U00U00D0o0oDoUOooUuooOoOO (Bloch
oscillation,BO) 0000000000 OO (Landau-Zener transition,LZ)[20] 00 0O O
odooooooo. 10b0bo0000000o0oooooooooOoobooo00ooooooan
go.bbobodooooobobobbodooooobbbbooUoobDbLbbboooon
0 (00000000 yOOD), 0000000000000 00U0O0OoDUooOOUO
goggboobbooogobobo,buogogobbbdooobobooooobon.
ggobobooooooog,

52

H, = “97 + ssin®(y) + ay, (34)
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0000, 000 (000000)0000000000. O0D0000DO0ooOO0ooooo
ggobobooooboboooobobooon

= Hip, (3)

gogoboboooooobuooooooooon.

000000000 HOOOODOOO He(D (20)0000,00000000 E; O
O00.0000000,000000 qyOO0O0O0O0O0O (DO0DODO0O0OOO)00O0OQ
(000)0D00000. 000000,0000000000000000O000O0O00OO
000 (D000O000)0000000D0,000000¢0O00 (000000 DOO
jO000,00000y000000)000000O0O0O0UOUOOUODODODOODOODOO
gogoooa. booboobobobobbbbobbbbbbbboon w:vaqC’B(n,q)gbgD
gogodouooooooo wzzn’ij(n,j)w;?DDDDDDDDD. goooood
gooooboood,

(Y| Hy|y) = Z <CB(n,q)¢f; H, ‘ CB(n’,q’)ng“,/> + Z <Cw(n,j)w;?
n,q,n’,q’ n.j.n’,j’
=3 1Cs(n, @) PE; + Y [Culn, j)?aj
n,q n,j

oboo.0l1gb0oobooboboboo,02000b0obOooDOooobooobooDbOoo
goobob.obbooouobb n0ooobbbO,0by, 0000 gUOOOODOOOOO
oobooboo. b 20b00obboobbooobooobo0 n0obbOoOobO,O00O
ooooob bbb yoboobboboboobboobbo,oobobooboboon

gooooooo
H.=E] + ay, (37)

00000000000 [59). 0000000000000 0O0O00O0

0= (52,

i(t) = —a. (38)

goo.

gooooooboboobbb,0bbobbbbbbbbbobobddddddduoooon
oobooobooob. boobboo,0bboo0ob0buoobobouobo g=0000
00000000,0000000000y=000000000 (0 39 (a)). 000
(y,¢) = (0,00 000000000000, 000000000000O000OOOOO
¢g=-10000000000. ObO0o00oo,0oooboobbb0 oo, O
000000 6, (00000000000 0000 E. 000000000000 O)O
0000000000000 00. 0000000 (00000 D0)0000DoO00
ggobboooobbtb «bboooobboooo.

oy ‘ Cu(n', 5"

/
n
wj/ >

(36)
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0000000000 «0000000000.00000000000000000
000000000000000. 00000000000000000000000.
000000000000000000,000000000000000 (3 3.9 (b)).
00000000,0000¢=-100¢=100000000000000. 000
00000000000000000000,00000000000¢=000000
00000. 000000000 +¢=0000,000000000 (y(0),¢(0)0000
000000000000000000000,0 (38)000

y(t) = y(0) — %] sin (?t) sin <%t + 7'('(_](0)) ,
q(0) —

at (39)
00o000. 000000000 31) 000000 D. D000 yOOoOOODOOOOO
oooobooobOOobO. bobooo0oboobogob,0b00bOob0obDoOooDOoboboOoo
0000000000000 0 (0 3.10(a)). DOODDODOODDOODOODOOOOOOO
000000 (Sawtooth wave) D0 O00OD0O0. O00O0O0ODO0OO0OOODOOO
O00.000000000000000wp=¢«/2000. 000000000000
oboobOobOooooooboOobOo,0oooo00o0obUobOobDOoooboUoobOoDbOoo
00000. 000000,00000000000 [60,0000000000O [75, 61]
ooo0bOooOO0ooO0o0DbO. b0obOobOobO gODbObOODOO,0DbODOOOODOD
Sl0000 wp =32 000000. 0000000000000000000000
0000000000000000000000,2004000000 400 [64],2011 0
00o00oo 700 [es)O000O0DO0ODOOOO.

0000000000 «O0O0O0O000000. ObOobOoDbO,00000b0000bO0
000000000000000 (0 39(c),0000D0DO00DOOOOOOODDOOO
00000,00000000000000000 10000000D0000). 0000
0000000000000 0 (D0oDO0O00D0UUo0U0OO0)00D0oDUoUoOoooO. oo
oboobOooOo,00000b0obOoboooboo0obOobOobDOooobooobooDbOoo
0000000O. o000 0oO0obO0oO0oobOO0oOOooOoOOooDOooDbOOooDOooDOoOo, o
ooboooobOOobOOobO0oO0obOobOO0oobOobOOoO0bODObO. ObbOobobooo,o
o-o0oob0obO0o0obOob00o0obO0obobOOobDOoO0bOobDOoobOobOOooboboooo
62,63, 000 00000000000000OO0OOOOOODOO. DOODOOOLLZO
g0o0ob0obOOooO0oO00ooOOo0obO0DOO0O0O0obOO0OOO0obOO0ODOoDOoDOO,0D0DOD
o0o00oboOOobo0oO0nO0D00ODOOODOO

Iiz@ua):em3<—a4ni>:wmp< O ) (40)

lal 4ol

000000 4. 000 ae(n)0 «e0000000000O0O0OO0OO0O0OOOOOOO
gogoooooa,bbobbobobobobbbbobbbbbbbb. b0 oooog
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000000000000000 n0000,0p00000 (pn—1)0000000
0000 4, 000000.00LZODODODO ODO0O0O0O0O0O0OOOODO,0000
gogobboooobbbooobbbooobbbooooboboooobbooog
000 (0 3.10(b)). DODOOOOOOO,000000D0000O0O0OOUDODOO,O
000000000000000000U00. 0 40)0U000UD00 LZOUOOUOOOO
ggoboobooooobo,obbooooooobboooooobooo,boooooob.
00o000oo000oo00,0000000000000000 (6O, 0000000
gogoboboooobbbooooobboooobobooon.

OooboOoobOo,000b0b00o0b0b0o00oobooobbo0o LzoooooOoO
oo, oo bbobbbbbbobbddddooooo -
g.ooboboodoooobobobbodoooooobbbbooooobDbLbbboooon
gogoooo.

s
position

ol

-1 0 1 -1 0 1 1-8q 1(-1) -1+3q
guasimomentum quasimomentum quasimomentum

039 10000000000000000000000000000000000
00000. 00000,0000¢=00000000000000000000
(a),(c) 000000 (D0D00000)00000000000,(b)000000 (0
00)000000000000000. ()00000000000000000,0
000 ¢=-10000000000. 0000000 (b)00000000000
00000000,0000 (¢)000000000000000000000000
oo.

33 000000000000 bOooooon

Ooooo,000bo0o0bo0ob0ob0obobobooboooooooobD 1oo0ooo
goododogogog. obbooobobbobbbobbbb, 0D LoDoUoOn
gogo,0jddddoooooooobobooboboobobbbobobbodddduuooooog
goodg. ooooooooooobobobbbb, bbb oooooood
00000000000 [16)00000,0000000000UDO0ODOOOO0OUD. O
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014 — 0.16
o12]| 8 0.14
0.1 3 0.12
0.08 - 0.1
0.08
0.06 c
e} 0.06
= i
0.02 3 0.02
0 o 0
A
time t (2/a)
2 0.12 0.12

0.1

0.08
0.06
0.04
0.02

quasimomemtum q (k) position y (2J/a)

quasimomemtum q (k)

o1 1
time t (2/ct) time t (2/ct)

0310 1000000000DO0ODO0O0ODOD0OO0ODOODO0OO0DDOODOODDOODO
O0.00000,0000¢gq=00000000D000O0OODOODOODODODOODOO
000000000000. 00000 t000 2/a0,00y0 2J/a000000
000. (a) 00000000000 ¢=001000.0000000000000O,
00 2/«0000000000000. (b)000000000O0O0=1000.0
gooobooobOobooooobo,0bobo0boboob0O0 1gbooobooboooo
gbooogoooo.

0,0000 [14,54,67|] 0000000000 (DODOOUOODDOOOOOUD)DOO
0000000000, (D0bo000U0o00U00o0oO00DU0oooOOoo.) DOoo
ggooboobooooooobobodooooonoboobobooooo. bboooog
goooboboboooooouobbobo. ooobbbbooooobobbboooo-
gogooob,bbogdobbboooobbboooobobobooobnbbouooon.
0000000000000000000000 HO,O (18000000000
V:mwg/QErkzDDDDDDDDDDDDD. 0000 Aarhus 00 O00O0OOO0OO
goooboooobO,0000b00 HOODOODODOOoOooOobooooboooboo

oo
ka = Eka, (41)

00000 x, OODOODODOO E,000D0O0OD00D. O0O00ODO0ODOOobOOobODbOoon
0000000000000 00D0o00d Hamburg OO0 OOOOOODOOOODOOO
0000000 [19]. Aarhus 000000000000 HambrugOOOOOOOOO
0000000000000 (0 L, 0Doo0oooooUoooUoooUooDOoO
O0O00000. 000 Hamburg 0OODOO0OO woO sOOOO0DOOOOODOOO
00000000000000000000000000.), 000000000000
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Hambrug 00 OO0OO00O0OOO0OOODOOO. O0ODOO0OO0OOOOODOOOOODOOO
Fourier Grid Hamiltonian 00000 [68]. 00000 BOOOOOO.

01 AarhusO0 [17,69] 000 Hamburg 00 [19)000000000. 0000
0000000000000000000000. Hamburg0ODOOO,0000,0
0000000000000000000,0000000000000.

Experimental parameters(Aarhus) Converted parameters
A m (°"Rb) wo E. s v J
914 nm 1.44 x 107** kg 40.6 x 27Hz 1.81x107°°J | 16 E, 5.51 x 107°E, 6.06 x 10" °E,
Experimental parameters(Hamburg) Converted parameters
A m (*°K) wo E. s v J

1030 nm  6.64 x 107%° kg 50.0 x 27Hz 3.12x107%°J | 10 B, 283 x107°E, 227x107%E,

DS.ll(a)DDDD + 000000000000 ooooooooooon
gdoboooooodoooooo. oo oooooouoouoobo,nod
oooooooboooooo0. 0ody=00000000D00O000,0000000
gdoboooooodooobooooooouoob. boooooouoooooboa,d
gdouooooooooooooo (DDDDDDDDDDDDDDD,DDDDDD
DDDD),DDDDDDDDDDDDDDDDDDD. goodooooooogon
oo, 00o00ddogooooooboooood. bbhby=000000000,0
gododoouoooouoooduooboooooooooooooooog (D
3.11(b)).

Ooooooooooooon [14,54,67]DDDDDDDDDD,DDDDDDDD
oo odoooooooooooooooooon
gdooooouo. ooooooooooog,oooooooooooouo. od
dooodooooooobbooooobboooobo, 00000 boooooon
gooooooooooooao

Hyp = —J Y (ala; +ala;) +vn® > jPala (42)

DO0000.ale;) 000 (0D0)000,00000000000000(000000)
000 .af4(ale) 000000 j0000000D0000 (DOO0ODDO)00000
0.0000000000000,000 4000000 +10000;-100000
00000000000000.00000000000000,0000000 —jmas
0000 jmee 0000000000,

‘1>_]maz |O>_jmax+1 T |0>]maw_1 |0>jmaa:
10)

_jmaa: 1 _jmaz+1 T |0 jmaz_l | jmaz

(43)

‘O>_jmaa: |0>_jmaac+1 T |0>]mam_1 |1>jmaa:
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30(a) Eigenstates (b) band structure
~ | 4th
LIJ - . . .. L B B |
5 201 - ard 7 ’
2
5 ond 1 AEY
=10 }-*4
E 1st -
o " Ground I AEZY

0 (Oth) +

-200 0 200 1 0 1

position y(lattice site) quasimomentum(k )

0311 (a)000 +00000000000000000000000 |xx(y)?
00000,0000000000000,0000000000000000000,
0000000000000000. 0000000000000000000000
0.(b)0D00O0O0Doo0.

DOoO0o0o. [1),(0),)0j000000010 (00)000000000000000
(Fock state, 0000)000. D000 jmee =1,000 3000000000000
00000000000000. 000000000000000000 (0 (32))00
000 {w_j,..,W_j,otls Wi, —1,w;,., ) 0000000, 000000000

0000000,000 [10--00), |01 --00),-,]00--10),[00--01) 0000000000
ooo.

@) [1)_,[0) 10); (b) [0)_; [1),[0), (©) 0) _110)¢ 1),
-1 0 1 -1 0 1 -1 0 1

0312 0000000D00D00D0O0O00. 3000000000,00000
(a)j = —1,(b)j =0,(b)j =100000 1000000000000.

ggoobobodoooooboobobbbooooooboboooooooobooboog.
ooy oo. bbb, 00d
0000000 (0000000000000 oO0oO0, 00000000 oUOoOO
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4,+1000000)000000000,00000000
Hyy = —J(ala e + a6l a5) + va?j2ala; + vr?( + 1)%a0, 4540 (44)
000,00000 (1),]0),,, 0 [0);|1),,,000,0000000000000000
wI0 w), 000. 0000000000000000000000000,00000
00000,0000000000000000000000000000
000000000000,00000 v<<JOOOO |jl<< 3% 00000
00 (0.3.13(a),(b),0000 j =00000000). 0O0D0DDDDOO (44) 00O
0000000000000, 00000,000000000000000000
O000000000,000000000000000000000000,000
D000 JOODODOOOO0,0000000000. 00000000000000
000000,00000 —J(0000)00000 ¢ = —(w)+w),)0,00

V2
000 +J(00D00)00000 ¢ = o5(w)—wb,,)000000. 0O0000D0

DDDDDDDDDDDDDDDDijlSDDDDDDDDDDDDDDDDD
0,00000000000 (00000000000 0)000000000000
00. 0000000000000000000000D000D0,00000000
00000000000000000000. 00000000000000000
oooog P,Pa(Pj+P4 =1,P, P, 0000000000)0000,000
ooooooO0oO0O0O0O0O0O0O0O0O0OOoOod P,Py(P.+P,=1,P,P, 000000
0000)00000. 0000000000000 000000,00000000
000 ¢(@) = /Pyt =0)e "¢, + /P(t=0) ¢, 00000. 00O,0000
0ooo0o0O0O0o0o0o P,P,00000000ODOD. D0ODODDOOOOOOOO
000000000000000000,000000000 000000000
0.+ /P.Psin2Jt000. 00000000000000,00000000000
o000 (P.O0O0OD P,000¢=000000000),000000000000
2J00000.00000000,000000000000000000000000
00000000000000,0000000000000000000000000
000000000,0000 [(3)00000,0000000,00000000000
000o0o0ooooooo.
0000000000000000,00000v>>J0000 |j|>> 5% 000
0000 (0 3.13(c),(d). 000000 (44)0000000000000000. O
000000000000000000000000000000,000000000
0000000000000, 00000,000000000 j,j+10000000
0000000,00000000000 va%?200000 ¢4=wj(y),0000000
vr?(j+1)?00000 ¢, =wY,,(y) 00000000000, 0000000000
00000000000000000,00000000000000000000. O
0000000000000000000000000a0.
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(a) (b)

0.8
16 I
c
.
g S
g8 2™ .
=) =
= Y ¢g—
) v e I .
0 - 1 0.8 0 1 2
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