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EZxZHWD L (59) 1% How to get the Lorentz force?
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—( x )')H(C ) ok, (74) pop-eA=1II (87)
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2 y p = —ihv (90)
eI Rk Py = —ihd, ~ ik, 91)
- 5 & 0\(K py = —ihdy ~ Tk, (92)
W2 = (ch) (K1 Kz) ( 0 fz) ( Kz) (77)
= (ch)? (fl Kf +& K%) (78) Considering the inverse of the quantization
= (&pt +&p)) (79) X
Oky ~ ZPx — Hx (93)
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def
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L7zh3oT )
I, = —ihid — eA,(x,y) 95)
hy = Ey (82) 1, = —ihd — eA(x,y) (96)
XL, EEE E
h is rewritten by using /7,, I1,.
E* = (&p} + &p)) (83)
i h=n" (XHX + YHy) 97)
E=zc \j‘f 1P} + €205 (84) their commutation relation is
= *cp (Dirac Cone) (85)
, _ o . 1., 11,] = [-ih0 — eA, —ih0 — eA,] (98)
& 72%, p ¥ averaged momentum. c & effective light velocity = [—eAy, —ild,] + [-ihd,, —eA,] 99)
ZRU ¢~ Clign/300 TH %,
€~ Clign/ = ifie {[A,.9,] + [0, A, ) (100)
= ihe A0y — 0yA; + 0:A, — 04A, (101)
10/04/2011 , .ty =2, o)
= ihe (0,A, - 0,A,) (102)
Let us consider the Hamiltonian = iheB (B =rotA) (103)
2
H=2 (86) o
2m We assume B < 0, because electron charge e is negative.
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[, IL] = [V, + Vlyn}u Vall, + VZyHy] (115) P P
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AR
noo(nY = (—) — (—) mn* 135
[I1],IT}] = iheB = ihl—2 = 1(7) (121) I} 2m\h (135)
H/2 S
SO, =5 =€ T (136)
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Lt 01 =1 1 ) | I
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aef 1 0 ., ., 1y 1
a = $% (Hl + 1_172) (123) = hiw (l’l + E) - Eh(/))()/ (138)
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If y = y = %1, the eigenvalue becomes whose commutation relation is
E = +c+/2heBln| (LL of Dirac fermion) (139) ULii 11171 = [€apnal Ty, €jeancllal (151)
= €iab€jcaNalic[Iy, 114] (152)
= iheBe€ap€jca€pdeNaliche (153)
= iheBchd(éjdéae = GieOud)NaNcNe (154)
10/11/2011 = ihieB (chinancna - chandncn,) (155)
= iheBeijch|n|2 (156)
= iheBeijknk (157)
[IY[,HJ'] = [—17’1(9, - eA[, —ihaj — é‘Aj] (140) L .
= [y, —eA ] + [—eAr, —ihd)]] (141) The guiding center R is defined as follows:
— (—ih)(— A -y of P
= (<i)(-e) {[0:, A1 + [Ai, 9;1) (142) R -, (158)
= 1he(8,A] - 6,A,) (143) 12
= ihee;j(rotA)y; (144) Ri=r - EH” (159)
= ihee,-jkBk (145)
o [ri, 11, ;] = [ri, €japnally) (160)
A 51 = €jna 11175 (161)
=[ri,ppl=0ipilt
€ijk Bk = €ijx€api0aAp (146) = €junaih (162)
= (0ia0 jp — 0ip0 ja)0aAp (147) = ili€;jaNq (163)
= 0, — DA, (148)
l2
Let us introduce [Ri, 11, j] = [ri, 1T, ] - %[HM,HLJ‘] (164)
2. (n\
I, =nxII (149) = ih€;jan, — %1(7) €ijalla (165)
11 = €l (150) =0 (conserved) (166)
2 12
[Ri,R;]=[ri— Enli’rj - %Hij] (167)
2 1\
=7 U1, rj]+ [, I ;] + (£) 1,11, ] (168)
12 12 2 2
= —% {_[rj,HJ_i] + ihél‘jal’la} + (E) 1(7) €ijalla (169)
= —i2€jun, + i€ jang (170)
- _iPejun, (171)
A = (Yldy) (174)
N 0 0
10/18/2011 AR = Wl 0)dd, + Wl l0)de, (175)
0 Oy

2
Hall conductance : o, = %C (172)

1
Chen number : C = —f F (173)
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F=dA (77)
= d¢,0,A (178)
= d¢.0,A + d¢,0.A (179)
= d¢0:(dgY10:y) + do\(Yl0y)) + dy 0\ (A (YlO0.) + Ay (Pldyr)) (180)
= d¢,d. 0 (Y10:) + dp.dd, 0 (Y1OyY) + dpyde, 0\ (Yl0.h) + Ay ey, (W10\r) (181)
= d¢xd¢v(ax<lp|ayw> - a}<¢|axw>) (182)
= d¢,dey((0x10y) + (Yl0Dyyr) — (O\W10xr) — (Wl0y0.)) (183)
= d¢xd¢y(<ax'p|aﬂp> - <3y¢|3x¢>) (184)
So,
1 27 27
C=-2 do. f dey((Dxyp|0yr) — (OyW10xpr)) (185)
L Jo 0
1 21 27
— o [ @0 [ a0 (186)
2m 0 0
Wye < g (187) oy % tim L2 W; WGt (200)
Using is not well defined. One way to avoid the difficulty is gauge
Wiy = 1 (ss) | e
. o PE )yl (201)
the following equation is obtained:
W), = g Wl)g (189) PS8 = Y)Yl (202)
=lgf=1=geUl) (g=¢".0€R) (190) = W)gg™ (¥l (203)
=YXyl =P (204)
Ay = s W10x)g (191) take arbitary|T")
= g (Wlo (¥ g (192) )
= &' (W) + Widg (193) DY =l) — (smooth) (209
= g'Ag +8°0:8 (194) Hlyl) = Elyl) (206)
_ —i0: i0
= Ax+ (00,00 _ (195) Needs normalization
=A,+10,0 (gauge transformation) (196)
N = () (207)
rotA8 =V x AS (197) = (tﬁlT)*(lﬁI!ﬁ)(lﬂIT) (208)
= VXA+iVx V0 (198) = [(IT)P (209)
= rotA (199)
7y _ W)
ly*)=—=  (gauge fix) (210)

So Chern number is gauge invariant.
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